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Abstract 
H2 is considered as a crucial factor for future energy prosperity due to its high energy density 
and the carbon-free feature it offers. A sustainable route towards H2 is therefore paramount, 
and it necessitates avoiding fossil-based sources and/or costly technology. This opportunity has 
paved the way for H2 production via semiconductor-based photoelectrochemical (PEC) water 
splitting, which exploits charge carriers extracted from the semiconductors that are exposed to 
photons, driving redox generation of O2 and H2.  
Titania-based films, notwithstanding their excellent chemical stability which make them 
favoured photoanode materials in most PEC systems, still suffer from several limitations, 
including restricted surface area, high recombination rate of photo-carriers, and visible-light-
inactivity. By identifying scope for improvements based on literature survey, this PhD project 
revolved around syntheses, characterisations, and modifications of titania-based films as 
photoanode materials for PEC H₂ production involving economic sacrificial agents. Titania 
materials were deposited on F:SnO2 via a spray pyrolysis method. PEC results revealed 
photocurrents of anatase TiO2 control films in the realm of ca. 40 μA at 0.8 V vs HgO|Hg with 
PEC efficiency of ca. 0.40% (120 W/m2 white light intensity, exposing 0.3 cm2 geometric area).  
Morphological modifications were successfully accomplished via a one-step polyethylene glycol 
(PEG)-templating technique, leading to generation of nano-sized features and improved 
roughness while maintaining the original superstructure. PEC efficiency of up to 1.23% was 
revealed by PEG-modified films, attributed to improved surface area and betterment of carrier 
transport facilitated by the morphological structure. A series of organic compounds were 
introduced as anodic sacrificial agents, leading to better carrier transport and current-doubling 
effects, the significance of which were more noticeable in the use of rough-surface 
photoanodes. Key factors related to the functionalities of sacrificial agents in PEC H2 production 
were stipulated. Suppression of carrier recombination was also pursued by incorporating highly 
conductive graphene into the film network, which successfully increased PEC efficiency by 70% 
as compared to unmodified TiO2. Efforts on modifying TiO2 band gap were made with the 
purpose of extending the usable portion of light spectrum, which included doping with 
impurities (anions and cations) and synthesis of bismuth titanates. While obtaining satisfactory 
results in this context remains a challenge, difficulties associated with the undesired outcome 
and possible adjustments for future studies are suggested.  
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Chapter 1. Introduction 
 
 
 
This chapter presents the motivation of this PhD project 
as well as the necessary discussions on H2 and its 
production pathways, particularly those which involve 
solar energy. Specifically, H2 production via a 
semiconductor-based photoelectrochemical route is 
addressed in terms of its fundamental and practical 
aspects. Aims and objectives of this project are identified 
based on the recognised problems with regards to the 
chosen H2 production system. SWOT analyses will also be 
presented, along with the structure of this thesis and 
some published and/or to-be-published papers. 
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1.1. Background and motivation 
Three months before Professor Richard E. Smalley passed away, MRS Bulletin issued the 
transcript of his speech in Symposium X–Frontiers of Materials Research (December 2004), 
wherein he postulated top ten humanity concerns as follows[1]: 1) energy, 2) water, 3) food, 
4) environment, 5) poverty, 6) terrorism and war, 7) disease, 8) education, 9) democracy, 
and 10) population. It is unsurprising to place energy on the top of this list, especially when 
one considers the fact that the solutions for other nine are, again, much related to the 
prosperity of future energy. Therefore, energy is indeed one of the most crucial subjects for 
scientists, industrialists, politicians, and the whole community of modern civilisation to 
address. 
 
Figure 1- 1. World-wide total energy consumption (a), total electricity generation from fossil fuels (b), and total 
electricity generation from renewable sources (c). Data were obtained from U.S. Energy Administration (public 
domain) [2]. 
(a) 
(b) (c) 
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It is known that the fulfilment of global energy demand has been heavily relying on fossil-
based fuels. As reported by the US Energy Information Administration in 2013 International 
Energy Outlook (Figure 1-1(a))[2], the worldwide energy consumption is around 18 TW, of 
which 84% is from fossil fuels. The energy demand is forecasted to reach 27 TW in 2040, 
with fossil fuels still dominating the overall energy consumption. As far as the electricity 
generation is concerned, fossil fuels accounted for 67% of total resource contribution in 
2010, and their share is still expected to be as high for the next 30-40 years (Figure 1-1(b)). 
In themselves, fossil fuels are essentially renewable sources in a sense that their formation 
process is continuous through anaerobic decomposition of dead animals and plants that are 
trapped beneath the sediment. However, fossil fuels are now considered to be non-
renewable due to their millions-of-years processing time while the rate of their consumption 
is much more rapid than that. In addition, massive exploitation of fossil-based fuels has 
caused serious environmental issues in terms of carbon emission, which is responsible for 
the increase in global temperature and climate change. Consequently, it is a matter of 
urgency to develop a system that is capable of taking full advantages of renewable[3] and 
carbon-free[4] resources, such as solar, hydroelectric, wind or geothermal.  
Figure 1-1(c) illustrates the contribution of various renewable sources to generate 
electricity, for a real case in 2010 and forecast from 2015 to 2040. Renewable sources are 
projected to play more significant roles in future years, increasing from 0.48 TW in 2010 to 
1.1 TW in 2040, with hydroelectric power holding the biggest share as compared to wind, 
geothermal and solar power sources. Other sources, including tidal wave and biomass also 
have decent shares for the renewable-based electricity generation. 
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The electrode system, on the other hand, involves immobilising n-type semiconductors in 
the form of films that are assigned as photoanodes2[7]. This system is widely known as 
photoelectrochemical (PEC) water splitting, in which a photoanode is immersed in an 
electrolyte and is electrically connected to a counter electrode (analogous to a co-catalyst in 
the colloidal system). Upon illumination, photo-generated holes oxidise water producing O₂ 
while electrons are transferred to the counter electrode producing H₂. This type of systems 
offers convenient separation of gas product with the use of a membrane, in addition to the 
feasibility for field bias imposition for effective separation of excitons[11]. Furthermore, 
electrode systems are arguably more suitable for long-term and large-scale operations 
owing to the ease of material recovery, although typical experimental configurations require 
directional illumination and suffer from limited area of solid-liquid interfaces. 
In addition to H2 production via water splitting, degradation of organic pollutants is one of 
the most attractive applications in semiconductor-based photochemistry research. In spite 
of similar principles governing both applications, they are often studied and discussed 
separately[12, 13]. However, the photodegradation of organic pollutants can actually be 
combined with photoproduction of H2 by assigning these organics as anodic sacrificial 
agents. Most organic pollutants offer greater thermodynamic affinity towards hole-driven 
oxidation than water does. The presence of organic sacrificial agents is also expected to 
improve H2 yield by providing an alternative pathway for more prompt hole quenching as 
well as donating electrons in response to hole capturing which results in higher PEC output.  
1.4. Problem statements 
In this study, photoproduction of H2 was exclusively carried out in an electrode system (PEC 
cell). In the case of water photo-splitting, the hole-driven O₂ evolution is naturally the rate-
controlling step. Therefore, this thesis is focused on photoanodic reactions, while the H2-
producing cathodic reactions were operated under a low-overpotential condition at the Pt 
counter electrode. The photoanode materials were based on titania (TiO2), which is arguably 
the most promising material for photocatalytic and photoelectrolytic processes, owing to its 
                                                     
2 Or, similarly, p-type semiconductors as photocathodes. The definitions of the types of semiconductors will be 
discussed in Chapter 2. 
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surface carriers and their redox pairs, kinetics also play a significant role. Particularly in an 
electrode system, increasing the effective surface area is indeed a broad scope of challenges 
and opportunities because the original effective area is expected to be very low. Increasing 
the effective area of a photoanode means increasing the extent of photo-oxidation 
reactions. Therefore, the PEC output is expected to be sensitive to morphology engineering. 
In the case of water splitting, kinetic issues pertaining to surface reactions also come from 
the fact that the hole injection barrier for water oxidation is relatively high[15]. Hence the 
surface kinetics of the anodic reaction is very slow (in the order of µs[16, 17] or even ms[14, 
18]). In this case, the use of organic sacrificial agents (such as alcohols) is expected to give 
positive results since they are known to be keener towards holes than water is, and better 
anodic kinetics is expected in such a case (in the time order of ns)[16, 19, 20]). 
1.5. Aims and Objectives 
This PhD project aimed to develop titania-based compact films (prepared via a facile spray 
pyrolysis technique) to be employed as photoanodes in a PEC cell for H2 production. The 
drawbacks associated with the use of TiO2 as photocatalyst materials (e.g. large band gap and 
high rate of electron-hole recombination), the disadvantages pertaining to their application 
in an electrode system (e.g. low surface area), and limitations attributed to the nature of 
water splitting reactions on TiO2 surfaces (e.g. low kinetics and high energy barriers of 
interfacial hole transfer) were tackled by applying several approaches. Appropriate strategies 
in implementing these ideas are expected to improve the efficiency of PEC H2 production.  
Based on the aims mentioned above, the scope of this study includes the interrogation of 
parameters affecting the kinetics/catalysis, transport parameters (charge carrier conduction 
and extraction), and light-harvesting behaviour of H₂ photoproduction systems for advanced 
materials development. In addition, this project also involved utilisation of economic 
sacrificial agents (preferably organic wastes, such as glycerol) in order to enhance the 
separation of electron-hole pairs, allow the cell to work in a less energy-demanding system, 
and ultimately improve the overall PEC output. The outcome of this project was expected to 
give a significant contribution towards green production of clean energy (H2) from renewable 
sources (water, solar light, and organic wastes / low-value chemicals). 
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The objectives of this PhD project are listed as follows: 
 Comprehend the nature of H2 photoproduction in an electrode system, as well as to 
understand and address the key factors that limit the efficiency of titania-based 
photolysis systems; 
 Understand the effects of appropriate approaches on the relevant properties of titania-
based photoanodes, and quantify the PEC improvements associated with them; 
 Comprehend the effects and behaviours of economic organic compounds utilised as 
anodic sacrificial agents on the PEC performance as well as to point out the nature in 
which the improvement occurs; 
 Identify important and determining parameters for future developments; 
Achievement of these objectives required the following tasks:  
 Establish preparative conditions of TiO2 films (precursor solutions and operating 
parameters of the spray pyrolysis deposition) in order to acquire an active and robust 
reference photoanode as a baseline for further modifications; 
 Perform morphology engineering of spray-pyrolysed TiO2 films using a templating agent 
(e.g. polyethylene glycol / PEG) and determine the effects of its properties (e.g. molecular 
weight) and concentration on the topographical and micro/nano-structural features of 
the materials as well as their respective PEC efficiency. 
 Expand the application of morphology-modified films to PEC H2 production systems that 
contains economic sacrificial reagents (e.g. glycerol) and identify the crucial aspects of 
these reagents which affect the overall performance of photoproduction of H2. 
 Incorporate an effective recombination inhibitor (e.g. graphene) into the film network 
and determine its effects on the material properties and its associative PEC kinetic 
features.  
 Modify the band structure of titania films by doping with cations (e.g. Fe, V, Cu) and 
anions (e.g. N), as well as synthesise low-band-gap titanates (e.g. bismuth titanates), and 
determine their effects on the optical properties of the materials and the corresponding 
PEC responses. 
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1.6. SWOT analysis 
Table 1- 1. SWOT analysis of semiconductor-based H2 photoproduction 
Strength Weakness 
 Utilise various sustainable sources 
(sunlight, water, organic wastes) 
 Promising solution for 
utilisation/storage of solar energy 
 Produce high purity H2 
 Spare fossil-based fuels from excessive 
exploitation 
 Possibly reduce carbon emission due to 
decrease in the use of fossil fuels 
 Relatively low photoconversion efficiency 
 Transportation is challenging both in 
technological and economic grounds 
 High maintenance cost 
 
Opportunity Threat 
 Interface with fuel cell industry for 
electricity generation 
 Supply high-purity H2 to industry which 
requires hydrogenation (e.g. ammonia) 
 Energise the economy of 
semiconductor manufacture 
 Hybridisation with photovoltaic 
systems to maximising the solar energy 
utilisation 
 Possible utilisation of organic wastes as 
sacrificial agents 
 Rapid deployment of photovoltaic-
electrolyser systems in terms of 
technology maturity and cost 
effectiveness 
 Development of other sustainable routes 
of H2 production 
 Sceptical opinions from policy makers 
regarding the potential of the approach 
which lead to lack of support 
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Table 1- 2. SWOT analysis of TiO2 as the material basis for photoelectrochemical H2 production 
Strength Weakness 
 Chemically stable in a wide range 
experimental environments 
 High oxidative power of valence band 
holes 
 Band alignment that allows low (or 
zero) bias operations  
 Invulnerable towards photocorrosion 
 Non-toxic 
 Cost-effective and readily available in 
nature 
 Band gap is too large (3.0 – 3.2 eV), 
absorbing only UV portion of solar 
spectrum  
 High recombination rate of photocharge 
carriers 
Opportunity Threat 
 Spectral absorbance and maximum 
efficiency can be expanded by band 
gap engineering 
 Carrier recombination can be hindered 
by incorporating electron trapper (e.g. 
graphene) 
 Development of low-band-gap materials 
(e.g. Fe2O3, CdS, WO3, etc.) which offers 
higher thermodynamic efficiency 
 Development of materials with powerful 
conduction band electrons (SrTiO3, ZnS, 
SiC, etc) 
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Table 1- 3. SWOT Analysis of electrode configuration for photocatalytic H2 generation 
Strength Weakness 
 Applicability of external bias imposition 
 Convenience in post-operation 
material recovery 
 Constant stirring is not requisite 
 Ease in product separation by the use 
of a membrane to prevent O2-H2 
recombination, which otherwise may 
lead to both kinetic and safety issues 
 Limited surface area (interfacial active 
sites) 
 Requires directional illumination 
 Requires application of cost-effective and 
reproducible technology for film 
fabrication 
 Photoproduction rate is typically low 
Opportunity Threat 
 Possibility to be combined with 
photovoltaic systems as sources of 
external bias 
 Various approaches can be applied to 
improve surface area (e.g. nano-
structuring, increasing porosity and 
roughness, etc) 
 Development in particulate systems with 
high rate of H₂ production due to high 
interfacial area 
 Ease of material preparation in 
particulate systems in which thorough 
film deposition is not required 
 Convenience during operation in 
particulate systems in which direct 
illumination is not requisite 
 
1.7. Thesis Structure 
This thesis is comprised of 9 Chapters, each of which is described as follows: 
Chapter 1. Introduction. Chapter 1 lays down the fundamental problems that this project 
attempts to address, along with motivation, problem statement, aims and objectives, and 
SWOT analyses of the key aspects of this project.  
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Chapter 2. Semiconductor-based PEC production of H2. Fundamentals of semiconductor-
based PEC H2 production are presented in Chapter 2, along with the PEC cell structures and 
arrangements, aspects to be considered when choosing photoelectrode materials, and 
possibility of utilisation of sacrificial agents (integration with water treatment systems). 
Chapter 3. Techniques to Improve Efficiency of Titania-based Photo-production of H2. A 
review on strategies that have been applied in the literature to obtain highly functioning 
titania is provided in Chapter 3. This includes discussions on nanostructuring and pore 
formation of TiO2 films, introduction of recombination inhibitors (electron anchors or water-
oxidation co-catalysts), band structure modifications (doping, co-doping or self-doping), and 
narrow-band-gap titanates (e.g. bismuth titanates).  
Chapter 4. Research Methodology. Chapter 4 describes the experimental means adopted to 
obtain data in this study, and explains how the experiments have been done in a well-
controlled manner so that the produced data is valid and reliable. 
Chapter 5. Morphological Modification of TiO2 Photoanodes via PEG-Templating. Chapter 5 
is focused on morphology engineering of TiO2 films with a main purpose of expanding the 
effective surface area for better PEC output. Polyethylene glycol was used as a morphology 
modifier and the effects of its molecular weight and its content on film properties and PEC 
efficiency are discussed in a detailed and systematic fashion. 
Chapter 6. TiO2-based Photoelectrochemical H2 Production: Effects of TiO2 Morphology 
and Addition of Economic Sacrificial Agents. In this chapter, the conclusions in Chapter 5 
with regards to the eminence of surface-roughened films are further emphasised. Chapter 6 
is mainly focused on PEC H2 production both in the absence and in the presence of sacrificial 
agents. A series of organic compounds were tested, and some criteria for ideal anodic 
sacrificial agents are also stipulated. 
Chapter 7. Incorporation of Graphene Sheets onto TiO2 Photoanodes as Electron Relaying 
Agents. Chapter 7 reports the incorporation of graphene onto TiO2 film network as an 
electron anchor for better charge carrier transport. PEC tests were carried out with and 
without glycerol as an electron donor. The rationales behind the improvement of PEC 
performance are suggested. 
16 
 
Chapter 8. Attempts to Enhancing Visible Light Activity of Titania Photoanode Films. 
Chapter 8 is dedicated to address the attempts that have been made in order to expand the 
activity region of titania to visible light, including doping with anions (N) and cations (Fe, V, 
Ni), and synthesis of bismuth titanates which were expected to be photoactive under visible 
light illumination. Some challenges and difficulties pertaining to this endeavour are 
highlighted. 
Chapter 9. Conclusions and Future Work Suggestions. Chapter 9 acknowledges the overall 
conclusions of this PhD project and specifically elaborates on some of potential adjustments 
that may be useful for future works on the basis of what have been achieved. 
1.8. Publications 
Two peer-reviewed journal articles have been published as follows: 
 M. Ibadurrohman, K. Hellgardt (2014). “Photoelectrochemical performance of graphene-
modified TiO2 photoanodes in the presence of glycerol as a hole scavenger“ Int. J. 
Hydrogen Energy, 39(32):18204 – 18215. (Cited by 9 by 25 June 2016) 
 M. Ibadurrohman, K. Hellgardt (2015). “Morphological Modification of TiO2 Thin Films as 
Highly Efficient Photoanodes for Photoelectrochemical Water Splitting“ ACS Applied 
Materials & Interfaces, 7(17):9088 – 9097. (Cited by 4 by 25 June 2016) 
Two manuscripts have also been prepared for submissions as follows: 
 M. Ibadurrohman, K. Hellgardt (completed). “Surface Roughening of Spray-pyrolyzed TiO2 
Photoanodes and Its Importance in Promoting Photoelectrochemical Activities with and 
without Organic Sacrificial Agents“ (to be submitted to ACS Applied Materials & 
Interfaces). 
 M. Ibadurrohman, K. Hellgardt (completed). “The Role of Polyethylene Glycol (PEG) as a 
Template for Spray-pyrolysed TiO2 films in Promoting Photoelectrochemical Water 
Splitting“ (to be submitted to ACS Applied Materials & Interfaces).  
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Chapter 2. Semiconductor-based PEC 
Production of H2 
 
 
 
This chapter systematically addresses foundational 
principles that are used as the basis to carry out 
experiments and interpret the results. This chapter covers 
the fundamentals of semiconductor 
photoelectrochemistry and its roles and applications in 
water splitting, along with the description of various PEC 
configurations. Material-related aspects of the 
photoanode candidates, particularly TiO2, are also 
tackled. The use of sacrificial agents and its significance in 
PEC H2 production systems is addressed as well. Without 
intending to be exhaustive, efforts were endeavoured to 
make the discussions in this chapter detailed and 
comprehensive. 
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2.1. Fundamentals of semiconductor (photo)electrochemistry 
2.1.1. Insulators, conductors, and semiconductors 
According to the capability of conveying electrical currents, solid-state materials can be 
divided into three major categories: insulators, conductors, and semiconductors. Insulators 
are characterised by their low conductivity (less than 10-8 S/cm) and large band gap 
(typically larger than 4 eV), which prevents the movement of free electrons from the valence 
band to the conduction band. Consequently, insulators are poor media to carry electrical 
currents even when considerably high energy is supplied, either in the form of electrical and 
electromagnetic field or thermal energy. In contrast, conductors typically possess great 
conductivity (greater than 103 S/cm), with band gap being extremely narrow or even zero 
due to overlapping between the two bands. The absence of forbidden gap causes electrons 
to move freely from the valence band to the empty energy levels in the conduction band. 
Thus, it can easily relay electrical currents even with an application of extremely weak 
electrical field or operation at very low temperature. 
 
Figure 2- 1. Electronic band diagrams of insulators, semiconductors, and conductors. In the case of 
semiconductors, electrons (black circles) can be excited from valence band to conduction band, leaving 
positively-charged holes (white circles). 
On the other hand, semiconductors are characterised by their medium conductivity (10-8 
S/cm – 103 S/cm) and moderately narrow band gap (less than 3.5 eV). Under absolute zero 
condition (0 K), the conduction band is empty of electrons and the valence band is 

























44 
 
The work described in this thesis is exclusively based on the first cell configuration. However, 
it is worth discussing in this context the comparison between these types of PEC cells in 
order to recognise the best design for future development. 
2.2.4.a. Single-semiconductor cells 
As mentioned previously, a single-semiconductor PEC cell is comprised of an n-type 
semiconductor assigned as an O₂-generating photoanode and a metal assigned as a H₂-
generating cathode (Figure 2-16), or inversely, a p-type semiconductor as a photocathode 
and a metal anode (Figure 2-17).  
 
Figure 2- 16. Schematic description of a single-semiconductor cell, employing an n-type semiconductor as a 
photoanode 
 
Figure 2- 17. Schematic description of a single-semiconductor cell, employing a p-type semiconductor as a 
photocathode 
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Various types of semiconductor junctions have been used as bases for the photovoltaic part 
to drive water splitting in this context, such as n-p GaInP2/GaAs, n-p AlxGa1-xAs/Si, or p-i-n 
amorphous Si[7]. Pt and RuO2-coated Pt are typically used as cathodes and anodes in the 
electrolytic parts of the system. In general, photovoltaic systems, which absorb photons on a 
solar panel to convert them into electricity without any changes in chemical free energy, are 
technologically more mature than photoelectrosynthetic systems, which convert photons 
into chemical energy. However, PV-electrolytic systems involve two energy conversions, 
therefore two unit operations need to be installed and this means large space requirements 
as well as high capital and maintenance costs. In addition, the electrolyser typically operates 
at higher current density of 1 – 10 kA/m2, as compared to the direct single-semiconductor 
PEC cell which operates at the range of 1 – 10 A/m2[35]. This constitutes difficulties in terms 
of process intensification, particularly in region where solar intensity changes significantly 
with seasons[35]. 
 
Figure 2- 22. Schematic representation of a hybrid cell, consisting of a single-semiconductor PEC cell, interfaced 
with a photovoltaic system to provide potential bias 
Figure 2-22 illustrate the schematic representation of a hybrid cell, which combines a single-
semiconductor PEC cell with a photovoltaic panel as a source of external bias. The PEC cell 
can either be a photoanode-based or a photocathode-based cell. Like PV-electrolytic cells, 
the hybrid cell also requires two units of operations. However, in this case, the water 
splitting cell can operate at relatively small current density, allowing manageable design 
51 
 
optimisation and scale up. Due to its complexity, development of such a system is relatively 
limited; photovoltaic and photoelectrolytic studies remain to be conducted separately. In 
any case, this approach is very promising because no conventional application of bias is 
needed for operating a single-semiconductor PEC cell and the whole system is driven solely 
by photons. 
2.3. Photoanode materials for water splitting 
2.3.1. General requirements 
Since this thesis is focused on the anodic part of a single-semiconductor PEC water splitting, 
only n-type semiconductor photoanodes are relevant for discussions. For more than four 
decades, extensive and intensive efforts have been put in order to obtain robust, efficient 
and sustainable materials employed as photoanodes. A wide range of materials have been 
developed up until today[36-38]. A set of requirements need to be met for a material to be 
considered as an ideal photocatalyst/photoelectrode for water splitting. These requirements 
arise from the constraints of thermodynamics, kinetics, solid state physics, as well as safety 
and cost-effectiveness, listed as follows[39]: 
 Appropriate band gap to match the solar spectrum;  
 Chemically stable towards decomposition by holes and/or electrons (photocorrosion);  
 Chemically stable towards decomposition by H+ and/or OH- (electrochemical 
corrosion);  
 The valence band is below the energy level of decomposition of H2O to O2; 
 The conduction band is above the energy level of decomposition of H2O to H2;  
 The rates of photocharge recombination and H2-O2 backward reaction are minimised; 
 Non-toxic; and 
 Low price and abundantly available in nature. 

53 
 
The extent to which solar hydrogen can be produced through photolysis of water is 
determined by the match between the band gap of semiconductor and the solar irradiance 
spectrum. Figure 2-24(a) depicts the direct circumsolar spectrum of solar light and the 
corresponding integral power density at an air mass coefficient of 1.5 (AM1.5)7. It shows 
that the thermo-neutral potential energy of water splitting (1.23 eV) corresponds to the 
attainable power density of ca. 650 W/m2. However, this value is somewhat unrealistic if 
one considers energy losses mentioned in Section 2.2.2. It follows that the attainable power 
density is around 280 W/m2 which corresponds to the value of 2.2 eV potential energy 
required to split water. 
 
Figure 2- 24. Direct circumsolar spectrum according to ASTM G-173-03, along with integral power density (a), 
and theoretical maximum efficiency that can be achieved as a function of band gap, projected for several 
common semiconductors (b) 
                                                     
7Air mass coefficient is defined as the ratio of the optical path length in reference to the vertical optical path 
length at zenith. Air mass coefficient of 1.5 (AM1.5) corresponds to a solar zenith angle of 48.2o. This spectrum 
is provided by American Society for Testing and Materials (ASTM G-173-03) which is designated as standard 
data of terrestrial solar spectral distribution to evaluate the performance of solar cell panels. 
(a) 
(b) 
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Furthermore, stability of semiconducting materials is equally important to their ability to 
photochemically split water. The region in which a particular semiconductor has to be 
electrochemically stable is defined by the potential-pH diagram of water splitting, depicted 
in Figure 2-25. In the ideal case in which the energy levels of conduction and valence bands 
of a semiconductor straddle the O2 and H2 evolution potentials, the semiconductor should 
be thermodynamically stable across these potentials for a given pH (blue arrows in Figure 2-
25). In the case of photoelectrode materials of which the band structure only allows one of 
the half cell reactions, the stability should be maintained in a relatively wide vicinity of the 
respective half cell potentials (green arrows in Figure 2-25). 
2.3.3. TiO2 
TiO2 was an n-type semiconductor with which Fujishima and Honda carried out the first 
successful implementation of PEC water splitting in 1972[9]. Since then, the development of 
TiO2 as light-harvesting materials for photo-driven processes has been very rapid, and the 
scope of their applications has been expanded to many subject areas, including air and 
water purification, self-cleaning and anti-fogging surfaces, as well as bacteria disinfection 
among others[16]. Being easy to prepare in both powder and thin film forms, TiO2-based 
materials have been produced through many synthetic routes, which include sol gel 
(followed by dip coating for film forms), direct oxidation (thermally or electrochemically), 
chemical or physical vapour deposition, electrodeposition, hydrothermal, solvothermal, 
etc.[43].  
TiO2 possesses three crystallite structures, namely anatase, rutile, and brookite. However, 
brookite is relatively difficult to prepare and less stable than its two counterparts[44], so 
that photoelectrochemical and photocatalytic applications almost exclusively utilise anatase 
(with most stable surfaces being (1 0 1) and (0 0 1)) and rutile (with most stable surfaces 
being (1 1 0) and (1 0 0))[16]. Anatase is generally believed to be more photo-active than 
rutile, notwithstanding the fact that rutile exhibit higher thermodynamic solar conversion 
efficiency, owing to its band gap (ca. 3.0 eV) being narrower than that of anatase (ca. 3.2eV). 
One of the most prominent features of TiO2 is its excellent stability in aqueous solutions, as 
illustrative in potential-pH diagrams in Figures 2-26(a) and (b). Moreover, TiO2 is known for 
its non-toxicity, remarkable resistance towards photo-corrosion, cost-effectiveness and 
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Enormous efforts have been expended to tailor the band structure of TiO2 such that it can be 
effective under visible light illumination, including band gap narrowing by anion doping[45], 
generation of impurity levels by foreign cation doping[46] or self-doping by Ti3+[47], 
formation of lattice defects by hydrogen treatment[48], dye sensitisation[49], 
semiconductor coupling[50], inducing surface Plasmon resonance by specific metals[51], or 
combinations thereof. Visible light active titanates have also been reported, such as bismuth 
titanates[52]. In the context of photoelectrode films, various surface architectures have also 
been introduced to improve the effective surface area and rectify the charge transport 
properties, including nanotubes[53], nanowires[54], nanorods[55], nanobranches[56], 
nanospider[57], and mesoporous films[58]. In terms of charge transfer kinetics, bulk 
recombination can be inhibited by creating shallow trapped states by imposing impurities 
into TiO2 lattices via doping[59], controlling the density of oxygen vacancies via self-
doping[60], or by simply applying potential bias that induces a polarised region within the 
space charge layer to allow electrons and holes to migrate in opposite directions. On the 
other hand, surface recombination can be suppressed by depositing water oxidation 
catalysts onto the photoanode surface, the most common of which being Co-Pi[61], IrO2[62], 
or RuO2[63]. Graphene[64] and its conductive carbon allotropes[65, 66] have also been 
proven to be effective in promoting electron-hole separation and transfer. Some of the 
above approaches will be addressed in Chapter 3 which is specifically dedicated to review 
some of the techniques that can be implemented in order to improve the efficiency of TiO2 
photoanodes for H2 production. 
2.3.4. Other materials 
Other than TiO2, many semiconductors have been studied on the purpose of putting forth 
the potential materials for efficient and sustainable PEC H2 production, which include oxides 
(such as ZnO, Fe2O3, WO3, SrTiO3, Bi12TiO20), chalcognides (such as CdS, ZnS, CdTe, CdSe), 
nitrides (such as GaN, Ta3N5), oxynitrides (such as TaON, LaTiO2N), or single elements (such 
as Si, Ge). According to the band structure, i.e. the energy levels of the bands and Fermi 
levels, these semiconducting materials can be assigned either as photoanodes or 
photocathodes. However, since this study is exclusively focused on photoanodic reactions, 
only materials which are suitable as photoanodes will be examined. Some of these materials 
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are collated in Table 2-1 along with the band gap, band levels, as well as pros and cons 
associated with them. 
 
Table 2- 1. Pros and cons of some common photoanode materials 
Photo-
anodes 
   (V) 
    
(V vs SHE) 
    
(V vs SHE) 
    pros cons 
TiO2 3.2 -0.29 2.91 2.0% 
 excellent stability 
 preferable band levels 
for water splitting 
 abundant in nature 
 cost effective 
 large band gap 
 high recombination 
rate 
SrTiO3 3.4 -1.26 2.14 1.0% 
 ideal band levels for 
water splitting 
 relatively stable 
 band gap is too large 
 very low η   
ZnO 3.2 -0.31 2.89 2.0% 
 preferable band levels 
 easy to prepare and 
maintain 
nanostructures 
 large band gap 
 amphoteric, issues on 
dissolution both in 
acidic and basic 
solutions 
Fe2O3 2.2 0.28 2.48 22.3% 
 Ideal band gap  
 high η   
 abundant in nature 
 cost effective 
 conduction band level 
is too low 
 short diffusion length 
of holes (2 - 4 nm) 
WO3 2.7 0.74 3.44 8.1% 
 visible light active 
 low recombination rate  
 conduction band level 
is too low 
 high-risk supply 
 only stable at low pH 
CdS 2.4 -0.52 1.88 15.3% 
 ideal band gap 
 ideal band levels for 
water splitting 
 very poor chemical 
stability  
ZnS 3.6 -1.04 2.56 0.4%  ideal band levels 
 band gap is too large 
 extremely low η   
TaON 2.4 -0.4 2.00 15.3% 
 combining stability of 
oxides (Ta2O5) and low 
band gap of nitrides 
(Ta3N5) 
 Preferable band levels 
 possibility of self-
oxidation deactivation 
BiVO4 2.86 0.4 3.26 5.0%  visible light active 
 poor electron 
mobility 
 conduction band is 
too low 
 slow oxygen evolution 
kinetics 
Bi12TiO32 2.38 0.22 2.6 15.8%  visible light active 
  metastable phase 
 conduction band is 
too low 
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As summarised in Table 2-1, none of these semiconductors satisfies all of the requirements 
stipulated in Section 2.3.1. TiO2 is chosen as the base material for this study because its 
excellent stability would ensure reliability and reproducibility of the experimental data. 
Hence, the results obtained from material characterisations and PEC operations would not 
be affected by, for example, storage time or PEC-operating cycles of the samples. SWOT 
analysis of TiO2 as the base photoanode material in this thesis is provided in Table 1-2. 
2.4. Anodic sacrificial agents 
As mentioned in Section 2.2.2, water splitting is a highly endergonic process which entails 
the need of enormous free energy in order to initiate reactions. Moreover, the oxidation of 
water (or hydroxide ions) on the semiconductor surface is of slow kinetics, thereby 
competition between interfacial charge transfer and recombination is always expected. 
While the photoanodic reactions are of interest in PEC H2 production systems, the product 
itself is not as important, as long as H2 is produced at the counter electrode. From this line of 
reasoning, sacrificial reagents are introduced into the anodic side of PEC cells in order to 
provide an alternative route for hole consumption that is less endergonic and of faster 
kinetics than water oxidation (Figure 2-27). Most organic compounds that contain 
hydrocarbons meet these requirements and thus, as sacrificial agents, they are expected to 
undergo prompt irreversible photo-oxidation at the photoanode.  
 
Figure 2- 27. Illustration of photoanodic reactions in the presence of sacrificial agents as compared to 
conventional water oxidation 
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of glycerol on the surface of a TiO2-based photocatalyst (for a suspension photocatalytic 
system) is illustrative in Figure 2-28. The early steps of the glycerol transformation involve 
hydrogenolysis of glycerol forming propylene glycol, and dehydration of glycerol generating 
glyceraldehyde. Further reactions, including dehydration, dehydrogenation, and 
decarbonylation, lead to the generation of a series of intermediates including 
glycoaldehyde, 2-oxopropanol, acetaldehyde, acetone, ethanol, methanol, and carbon 
monoxide (CO)[67]. CO that is produced in these reaction routes is further transformed 
according to the condition under which the reactions take place (in the presence or absence 
of O2). In the absence of O2, H2O reacts with CO to produce CO2 and H2 via the well-known 
water gas-shift reaction. On the contrary, when O2 is present, CO and hydrogen produced in 
above reaction pathways are readily oxidised to form CO2 and H2O. 
 
Figure 2- 28. Photo-oxidation pathways of glycerol in a heterogeneous photocatalytic system, proposed by 
Panagiotopulou et al.. Reprinted from Ref [67], Copyright (2013), with permission from Elsevier. 
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Apparently, any organic compound can be a potential target of photo-oxidation. Therefore, 
organic wastes can also be utilised so that two purposes can be achieved in one system: 
production of renewable energy and removal of organic pollutants. More often than not, the 
sacrificial agents are referred to as hole scavengers. However, the latter term should be 
used with cautions because the mechanism through which these reagents are consumed is 
not necessarily based on direct interaction with holes. Some intermediary radicals, the most 
common of which is that of hydroxyls, have also been reported to govern the photoanodic 
reactions. This issue will be discussed in more detail in Sections 6.3.1.a and 6.3.2. Another 
intriguing feature of reagent-assisted PEC cell is the capability of certain organics to serve as 
a current-doubling agent. The current-doubling effect is a process in which the reagents 
donate one electron to the conduction band of the photoanode, following the photo-
oxidation process. This means that the presence of a sacrificial agent may double the 
production of H2 with the same amount of photons as compared to that in the case of water 
splitting. This issue will also be further discussed in Sections 6.3.1.a and 6.3.2. 
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Chapter 3. Techniques to Improve 
Efficiency of Titania-based Photo-
production of H2 
 
 
In this chapter, some of the techniques and approaches 
that can be implemented in order to improve the 
functionalities of titania-based 
photocatalyst/photoelectrodes are discussed. In 
particular, this thesis is focused on the use of titania films 
in photoelectrochemical H2 production and efforts in 
maximising their interfacial contact area, improving the 
kinetics of charge transfer processes, and modifying their 
band gap. Therefore, the modification techniques will be 
categorised and mapped according to the 
aforementioned aspects. 
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3.1. Extension of effective surface area 
Apart from the large intrinsic band gap, the efficiency of titania-based PEC H2 production is 
limited, to a large extent, by the restricted effective interfacial area and poor carrier 
transport within the PEC cell network. In response to these challenges, morphological 
modifications are believed to be promising strategies to realise efficient and cost-effective 
titania-based devices. Several designs of modified TiO2 morphology have been reported, 
including rough-surface and porous films, 1D nano-architectures, and 3D-structured TiO2 
photoanodes. These material designs are expected to not only provide larger surface area 
but also offer better charge transport properties than compact-layer electrodes. In this 
section, some notable reports on TiO2 film structures that are relevant to this thesis are 
reviewed, with special emphasis of utilisation of polyethylene glycol (PEG) as a 
morphological template and applications of TiO2 nanostructures in PEC water splitting. 
3.1.1. Rough-surface and porous TiO2 
Regardless of synthetic routes, wet-chemistry deposition of porous TiO2 films onto a 
substrate is typically done with a precursor solution that contains a titanium source, volatile 
solvent(s), and removable morphological template(s). The template is typically removed by 
heat treatment or dissolution. Hartmann et al. reported fabrication of mesoporous TiO2 
films as photoanodes for water splitting, comparing sol-gel and pre-formed nanoparticles 
synthetic routes [68]. Utilising PIB3000 as a structure-directing agent, surface morphology 
was varied in accordance with the respective route (Figure 3-1). Mesoporous films that were 
prepared via sol gel offered denser and more continuous pore walls than those prepared 
with nanoparticles as the material base. While the pore size remains similar, this feature 
ensures better carrier conductivity and lower recombination rate, as reflected in 10-fold 
higher photoelectrochemical activity of sol-gel mesoporous films.  
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Figure 3- 1. HRSEM images of mesoporous TiO2 prepared by Hartmann et al.: through sol-gel route (a,b) and 
nanoparticle route (c,d). Reprinted with permission from Ref [68]. Copyright (2010) American Chemical Society. 
Feng et al. reported a ligand-assisted evaporation-induced self-assembly method for 
fabrication of multi-layered mesoporous TiO2 thin films, with a diblock copolymer (PEO-b-PS) 
assigned as a structure template[69]. Pores are formed after two-step pyrolysis, which also 
generated a carbon residue as an intermediate protection layer of the mesostructure during 
calcination. Combining the mesoporous TiO2 films with CdS quantum dots resulted in 
excellent PEC water splitting activity with photocurrent density of 6.03 mA/cm2. The same 
synthetic route was also chosen by Reitz et al. to impose large-pore mesostructures of TiO2 
films using H[(CH2CH2)0.67(CH2CHCH2CH3)0.33]89(OCH2CH2)79OH or 
H[C(CH3)2CH2]xC6H4(OCH2CH2)yOH (x and y were varied)[70]. Doped with Ta, the films 
showed a decent PEC water splitting performance, corresponding to ca. 0.3 mA/cm2 
photocurrent density under Xe lamp illumination. 
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Figure 3- 2. FE-SEM and TEM images of TiO2 particles prepared by Jo et al.: without PEG (a, e) and with PEG 
0.10 wt% (b), 0.25 wt%(c, f), 0.50 wt%(d). Reprinted from Ref [71], Copyright (2014) with permission from 
Elsevier. 
Jo et al. synthesised rough-surface and porous TiO2 (sub)micro-spheres through an aerosol 
templating method[71]. Commercial anatase nanoparticles (sized 10 nm) was used as the 
base material with polyethylene glycol (PEG) as a template. The control film exhibit 
relatively smooth TiO2 spheres, while addition of PEG introduced surface roughness (Figure 
3-2). When the content of PEG in the precursor suspension was sufficiently high, a hollow 
spherical structure was obtained. The PEG-modified films were proven to be better 
photoanodes in a dye-sensitised solar cell with better transport of photocharge carriers.  
Indeed, PEG is considered to be among the best chemical templates for creating rough-
surface and porous TiO2 films through various synthetic routes, the most common of which 
is that of sol gel. Kajihara and Yao suggested that, in the synthesis of TiO2 films via PEG-
assisted sol gel, the resultant morphology was mainly determined by the competition 
between the rates of fluidity reduction of the film, polycondensation of oligomers, and 
phase separation between the oligomers adsorbed by PEG and the solvent mixture[72]. Fast 
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polycondensation led to smooth-surface films while, on the other hand, fast phase 
separation led to generation of macroporous and fast reduction of fluidity brought about 
macroscopic cracks. In this type of systems, the phase separation rate is driven by the 
hydrophilic-hydrophobic repulsion between TIO2-PEG complex and the solvent[72]. 
Furthermore, Kajihara and Nakanishi also mentioned that one of the advantages of PEG as a 
polymeric pore former in comparison to others, such as poly(vinylpyrrolidone) (PVP), is the 
fact that PEG modifies TiO2 oligomers tightly whereas loose adsorption and strong 
flocculating effects of an additive may hinder the formation of porous structure[73].  
 
Figure 3- 3. Schematic illustration of TiO2 formation via a hydrothermal method in the presence of PEG as a 
structural template. Reprinted from Ref [74], Copyright (2014) with permission from Elsevier. 
Bu et al. proposed the formation mechanism of porous TiO2 films using PEG and alcohol 
solvent as double templates[75]. Based on their SEM images, the diameter of pores after 
drying (before calcination) was much narrower than that observed after calcination was 
complete. Accordingly, they suggested core-shell structured double templates which consist 
of the alcohol solvent (as the core) and PEG adsorbed in TiO2 matrix (as the shell). 
Subsequent processes of evaporation of solvent during drying and decomposition of PEG 
during calcination remove both templates, producing the final structure of porous TiO2 films. 
Zhou et al. reported fabrication of TiO2 films via a modified hydrothermal synthetic route. 
PEG was used as a template to restrict the coalescing of TiO2 nuclei as illustrated in Figure 3-
3[74]. The presence of a polymeric protection layer on the surface of nuclei hindered 
interparticle interaction so that nano-sized TiO2 particles with higher effective area were 
formed. It was also revealed that the amount of PEG is limited by the adsorption sites 
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provided by the nuclei. Applications of the films in dye-sensitised solar cell showed that the 
effective surface area was indeed crucial for dye adsorption capacity. Despite this intriguing 
strategy in realising high-surface-area TiO2, two steps were involved: hydrothermal to 
produced TiO2 sol and coating on FTO via a doctor-blade technique. In the present study 
reported in this thesis, a similar strategy was applied to produce PEG-modified TiO2 films, 
yet by a one-step spray pyrolysis method which is much more simple. 
Scrutiny of sol gel derived porous TiO2 films by means of atomic force spectroscopy was 
reported by Yu et al., wherein they found that the pore structure and surface roughness of 
the films strongly depended upon the content and the molecular weight of PEG[76]. Larger 
amount and molecular weight of PEG led to larger and deeper pores, rougher surface, and 
less number of pores across the surface. They proposed that this observation is attributable 
to the fact that polymerisation-induced phase separation is expected to take place at earlier 
stages of titania growth. Guo et al. also reported PEG-assisted TiO2 photocatalyst films 
prepared by sol gel[77]. The preparation of TiO2 films without PEG failed to produce a 
continuous film network as seen in Figure 3-4(a), which is disadvantageous for most 
applications. Interestingly, introducing PEG not only promoted the formation pores but also 
removing the undesired cracks (Figures 3-4(b-f)). Therefore, it was concluded that PEG can 
also function as an effective agent to prevent severe cracks during heat treatment. 
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Figure 3- 4. SEM images of TiO2 without PEG (a), TiO2-PEG200 (b), TiO2-PEG600 (c), TiO2-PEG1000 (d), TiO2-
PEG2000 (e) and TiO2-PEG6000 (f). Reprinted from Ref [77], Copyright (2014) with permission from Elsevier. 
Intriguing spider-like TiO2 morphology was discovered by Fei et al. as depicted in Figures 3-
5(a-c)[57]. They fabricated these films through a spin-coating method using titanium 
isopropoxide as a source of Ti, benzene as a non-polar solvent, and PEG as a template for 
morphology engineering. The formation of uniform and continuous micro-channels was 
attributed to the phase separation between TiO2 and PEG, driven by hydrophilic-
hydrophobic repulsion. The amount of PEG was found to be crucial because increasing the 
PEG ratio from 5%wt to 6%wt results in widening of the micro-channels to the extent that 
they could be regarded as irregular discontinuous cracks. In the context of PEC water 
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splitting, the spider-like morphology revealed photocurrent density of ca. 0.3 mA/cm2 which 
is far superior to the commercial P25 (ca. 0.12 mA/cm2). 
 
Figure 3- 5. Top-view SEM images of the spider-like morphology of TiO2 films grown on FTO glass (scale bars in 
(a) and (b) are 20 and 2 µm, respectively); a cross-sectional SEM image of a wall edge in one of the micro-
channels (scale bar 2 µm) (c). Reprinted with permission from Ref [57]. Copyright (2010) American Chemical 
Society. 
Table 3-1 collates some of the publications employing PEG as a morphology modifier for TiO2 
films along with the synthetic routes and applications of these films. Indeed, the utilisation 
of PEG as a morphology directing agent has been studied tremendously. However, the use of 
PEG in a direct one-step synthetic route such as spray pyrolysis is relatively limited. More 
importantly, the utilisation of PEG-modified TiO2 films in the field of PEC H2 production is 
rather scarce, as implied in Table 3-1. In the light of its capability in controlling the 
morphology of TiO2 films, it is a promising opportunity to investigate the effect of PEG 
additives for the spray pyrolysis synthetic route, along with the utilisation of the fabricated 
films in PEC H2 production, being from water or water-pollutant mixtures. 
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Table 3- 1. Reports on the utilisation of PEG as morphological template for TiO2 films, along with the synthetic 
routes and applications 
Authors 
TiO2 film 
morphology 
Synthetic 
route 
PEG molecular 
weight (g/mol) 
Application Ref 
Uzunova-Bujnova et 
al. 
porous with 
agglomeration 
spray-drying 
deposition of 
P25 
2000 
photocatalytic 
degradation of MB and 
phenol 
[78] 
Gartner et al. porous sol-gel 600 
photocatalytic 
disinfection of E.coli 
[79] 
Sonawane et al. porous 
sol-gel dip-
coating 
4000 
photocatalytic 
degradation of MO 
[80] 
Liau et al. uniform surface sol-gel 600 
photocatalytic 
degradation of 
erioglaucine disodium 
salt dye 
[81] 
Jahromi et al. porous 
sol-gel dip-
coating 
1000 
photocatalytic 
degradation of  
Malachite Green 
[82] 
Wang et al. porous 
sol-gel dip-
coating 
6000 
photocatalytic 
degradation of MB 
[83] 
Guo et al. porous 
sol-gel spin 
coating 
1000 
photocatalytic 
degradation of MO 
[84] 
Yu et al. porous sol-gel 2000, 4000 hydrophilic surface [85] 
Zhou et al. 
nanoporous 
and rough 
sol-
hydrothermal 
20000 dye-sensitised solar cell [74] 
Zhao et al. porous 
hydrothermal 
dip coating 
400 
photocatalytic 
degradation of gaseous 
formaldehyde 
[86] 
Djaoued et al. porous 
sol-gel dip 
coating 
200, 400, 600 
photocatalytic 
degradation of domoic 
acid 
[87] 
Chen et al. macroporous 
sol-gel dip 
coating 
2000 
photocatalytic 
degradation of 4-
chlorobenzoic acid 
[88] 
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Mohammadi et al. nanoporous 
sol-gel dip 
coating 
6000 gas sensing [89] 
Zhang et al. mesoporous 
sol-gel dip 
coating 
400 
photocatalytic 
degradation of 
rhodamine B 
[90] 
Akhtar et al. porous sol-gel 100000 dye-sensitised solar cell [91] 
Ma et al. 
meso-
macroporous 
screen 
printing 
deposition of 
P25 
200, 400, 600, 
20000, 50000 
dye-sensitised solar cell [92] 
Yu et al. porous sol-gel 2000 
photocatalytic 
degradation of MO 
[93] 
Tiwari et al. nanoporous sol-gel 8000 
photocatalytic 
degradation of alizarin 
yellow 
[94] 
Chang et al. porous sol-gel 600, 20000 
photocatalytic 
degradation of MB 
[95] 
Huang et al. nanoporous sol-gel 2000 hydrophilic surface [96] 
Biju and Jain porous sol-gel 600 humidity sensing [97] 
Djaoued et al. porous 
sol-gel dip 
coating 
600 
electrochromic 
applications 
[98] 
Song et al. porous 
spin coating 
of anatase 
nanoparticles 
400 hydrophilic surface [99] 
Jo et al. 
porous and 
rough 
aerosol 
templating 
deposition of 
anatase 
20000 dye-sensitised solar cell [71] 
An et al. mesoporous 
hydrothermal
-assisted sol-
gel 
600 dye-sensitised solar cell [100] 
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Magalhães et al. 
micro- and 
mesoporous 
sol-gel  2000, 3400 
photocatalytic 
degradation of phenol 
[101] 
Jiao et al. porous 
supercritical 
CO2 - assisted 
hydrothermal 
2000, 10000, 
20000 
photocatalytic 
degradation of MO 
[102] 
Negishi et al. porous 
sol-gel dip 
coating 
300, 600, 1000 
photocatalytic 
oxidation of NO and 
NO2 
[103] 
Calderon-Moreno et 
al. 
porous 
sol-gel dip 
coating 
6000, 20000, 
35000 
dye-sensitised solar cell [104] 
Ramírez-Santos et al. porous 
sol-gel dip 
coating 
3350, 8000 
photocatalytic 
degradation of MO 
[105] 
Guo et al. nanoporous 
sol-gel spin 
coating 
200, 600, 1000, 
2000 
photocatalytic 
degradation of MO 
[77] 
 
Porous or rough-surface TiO2 films can also be prepared without the use of any 
morphological template. For example, TiO2 nanopore arrays were fabricated by Liu et al. 
through electrochemically oxidising titanium sheets in a dimethyl sulfoxide electrolyte 
containing 5% HF[106]. TiO2 pores mimicking a honeycomb structure were obtained with 
pore size increasing with the potential of electrochemical anodisation. PEC output was also 
found to be a function of anodisation potential, revealing maximum photoconversion 
efficiency of 0.28% under simulated AM1.5 irradiation. Although no in-depth insight was 
offered by Liu et al. with regards to the manner in which nano-sized pores are formed, they 
suggested that the low-temperature operation of anodisation and post-growth sonication 
may play determining roles.  
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Figure 3- 6. Top view (a) and cross-sectional (b) SEM images of the pure TiO2 film, 
compared to the top view (c) and cross-sectional (d) SEM images of that treated with high energy electron 
beam. Reproduced from Ref [107] with permission of The Royal Society of Chemistry. 
Likewise, a template-free preparation procedure was performed by Yoon et al. to improve 
the surface roughness and effective area of TiO2 films via irradiation of the aerosol-
deposited films by high-energy electron beam [107, 108]. The unmodified film showed 
porous morphology (Figures 3-6(a,b)) while the electron beam treatment led to rougher and 
denser morphology (Figures 3-6(c,d)). They pointed out that the morphology alteration was 
induced by energy transfer between the highly energetic electron beam and the electrons or 
the lattice of the target materials through collision. This kind of interaction could physically 
and thermally influence the target material. The improvement of surface roughness was 
followed by enhancement in PEC output, revealing photocurrent density of ca. 0.21 mA/cm2 
for the rough-surface films (under illumination of 40 mW/cm2 white light), which was 
significantly higher than that offered by the control film (0.04 mA/cm2)[107].  
3.1.2. TiO2 nano-architectures 
In the last 10 years, utilisation of nano-architectures of TiO2 in the field of PEC water splitting 
has become more common. Particularly, one-dimensional designs of TiO2 nanostructures, 
such as nanotubes, nanowires, and nanorods have been generally acknowledged to excel in 
photoelectrochemically splitting water. In comparison to compact films, these nano-
architectures offer higher surface-to-volume ratio and better charge transport properties. 
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With one-dimensional design, the photo-generated electrons can migrate directly from the 
solid-liquid junction to the back galvanic contact without having to come across many grain 
boundaries, in opposition to the case of compact layers. 
The first impression one may get when collecting the documents from the literature with 
regards to the use of nano-structural TiO2 in PEC water splitting is that nanotubular arrays 
have attracted most attention, especially those reported by Grimes et al.[109-113]. TiO2 
nanotube arrays are typically fabricated via electrochemical anodisation of Ti sheets in 
fluoride-contained electrolyte solutions. The role of fluoride ions in this regards is to enable 
simultaneous TiO2 growth and etching processes, resulting in hollow vertically aligned 
arrays. With this arrangement, the physicochemical properties of the films can be tuned by 
adjusting the electrochemical parameters and electrolyte chemical composition. For 
example, Figures 3-7(a – c) shows the cross-sectional and top view of TiO2 nanotube arrays 
reported by Grimes et al.[111]. This type of film architecture revealed limiting photocurrent 
density of ca. 26 mA/cm2 (corresponding to maximum photoconversion efficiency of 
16.25%) under UV illumination (wavelength ranging from 320 to 400 nm). 
 
Figure 3- 7. Cross sectional (a,b) and top-view (c) SEM images of TiO2 nanotube arrays prepared by Grimes et 
al.. Reprinted with permission from Ref [111]. Copyright (2006) American Chemical Society. 
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Figure 3- 8. Top-view (a) and cross-sectional (b) SEM images of a cross-linked 
TiO2 nanowire thin film (scale bars are 25 µm in (a) and 10 µm in (b)). Reproduced from Ref [114] with 
permission of The Royal Society of Chemistry. 
Figures 3-8(a – b) show cross-linked TiO2 nanowires reported by Liu et al.[114]. Such 
morphology gave rise to higher surface-to-volume ratio as well as better photon absorption 
properties due to preferable recollection of reflected light on the surface. Furthermore, the 
large and inter-connected voids on the film network allow the active species from the 
electrolyte to diffuse freely and reducing the anodic polarisation due to OH- consumption. 
Consequently, high photoconversion efficiency of 1.05% under simulated AM 1.5 was 
achieved. Exceptional PEC output has also been reported by other authors in the case of 
TiO2 nanowire arrays, which are also synthesised via a hydrothermal method[61, 109, 115]. 
77 
 
 
Figure 3- 9. Schematic illustration (a) and SEM images of TiO2 nanoparticles (b,e), nanorods (c,f), and branched 
nanorods (d,g); cross-sectional view (b d) and top view (e g). The insets of (c) and (d) show high-magnification 
SEM images of nanowires and branched nanowires, respectively. Reprinted with permission from Ref [116]. 
Copyright (2011) American Chemical Society. 
In addition to one-dimensional nano-architectures, three-dimensional structures have also 
been recently investigated. Figure 3-9 shows branched nanorod arrays prepared via an 
improved hydrothermal synthetic route, as reported by Cho et al.[116]. The structure was 
developed from nanorods, with addition of trunk and branches. Such a design offered 4-fold 
higher surface area, better charge transport, and stronger photon absorption as compared 
to ordinary nanorods. The maximum limiting photocurrent density achieved by such a 
nanostructure goes up to 0.83 mA/cm2, under 88 mW/cm2 white light illumination. Similar 
to branched nanorods, 3D nanodendrites have also been prepared via an improved 
hydrothermal method, resulting in promising PEC results[117]. A more comprehensive 
review with regards to nano-architectures for PEC water splitting has been published by 
Chen et al.[118] and Lewerenz and Peter[24]. 
3.1.3. Pros and cons 
The aforementioned strategies, which aim to extending effective contact area for PEC H2 
production, are indeed subject to pros and cons. For example, since the observed 
photocurrent represents the net rate of competitive collection and recombination of 
photocharge carriers, increasing surface area might undesirably facilitate recombination, 
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instead of surface reactions. However, if the design of the topographical structure is done 
properly, the morphological modification can, in fact, enhance the charge transfer, in 
addition to the extended interfacial area. This can be attributed to the fact that, when the 
characteristic nano-sized feature matches the diffusion length of minority carriers, 
shortened pathways for carrier collection become plausible.  
Rough and/or porous surface may also contribute to the betterment of light distribution. 
Nevertheless, porous structures and nano-architectures also mean depletion of TiO2 
coverage on the substrate hence less exposed area of TiO2. Nanostructuring may also induce 
quantum size confinement which increases the band gap of the semiconductor. While this is 
advantageous in a sense that higher thermodynamic affinity can be carried by conduction 
band electrons and/or valence band holes towards redox targets, the portion of usable light 
spectrum is compromised. Furthermore, nanostructures also suffer from slow inter-particle 
charge transport, while the use of continuous compact layer offer better transport 
properties. On top of that, the use of compact layers may facilitate sufficient space charge 
layer induced by application of electric field, while nanostructures suffer from reduced 
width of space charge layer, thus the electric field gradient, as a consequence of restricted 
characteristic thickness. 
Despite very often giving better PEC performance, TiO2 electrodes with complex 
architectures also complicate the fundamental studies of the films[27]. It is then stipulated 
that compact-layer films are generally preferable for fundamental studies, while those with 
sophisticated structures are usually desired for more pragmatic and practical aims. This PhD 
project tackled morphological modification of spray-pyrolysed TiO2 compact films via PEG-
templating. The resultant films showed rough surface with nano-sized features while 
maintaining continuous film superstructure (Chapters 5 and 6). This approach is expected to 
inherit the virtue of nanostructures in terms of PEC activities and preserve the convenience 
of using compact films in elucidating the PEC systems8.  
                                                     
8 It should also be noted that the fundamentals of semiconductor photoelectrochemistry described in Chapter 
2 is applicable mainly to compact films rather than nano-architectured ones. 
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3.2. Improvements in kinetic properties 
Low kinetics of titania-based PEC water splitting systems are mainly attributed to the 
occurrence of electron-hole recombination within the interior and on the surface of the 
electrode, in addition to the high overpotential of oxygen evolution. In this section, some 
strategies to circumventing these kinetic issues will be addressed, which include 
incorporation of co-catalysts and recombination inhibitors. Special emphasis will be given to 
the use of graphene as an extended electronic conductor. 
3.2.1. Lowering photoanodic overpotential: water oxidation cocatalysts 
Due to the complex nature of water oxidation which involves a multi-step four-electron 
process, obstacles pertaining to anodic overpotential are inevitable. It has been reported in 
numerous publications that deposition of water oxidation catalysts onto the surface of TiO2 
is an effective strategy to overcome this issue. Common co-catalysts for TiO2 photocatalysts 
and/or photoanodes include CoOx[119], CoPi (cobalt phosphates)[61], IrO2[120], and 
RuO2[121]. The effect of lowered overpotential upon incorporation of such co-catalysts is 
normally reflected in the negative shift of photocurrent-onset potential, which implies that 
the system requires less activation energy to drive photoanodic reactions as a result of 
restricted surface recombination[122]. Electrochemical relay of charge carriers performed 
by the co-catalysts is believed to be responsible for the kinetic improvement. For example, 
Co-based co-catalysts possessing 2+ valence state can promptly capture photo-holes, 
increasing its valence state to 4+. It follows that Co will return to its original valence state as 
a result of hole-driven oxygen generation[122, 123]. This pathway of hole transfer entails 
less energetic requirements. Despite the successful reports, however, issues are coming 
from the fact that Co is a metal of severe toxicity and IrO2 is a precious material, as is the 
case of RuO2. More in-depth discussions on the roles of co-catalysts in photocatalytic and 
PEC water splitting , along with other relevant aspects can be found in a review paper 
written by Yang et al.[122]. 
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reports on graphene-modified TiO2 for PEC water splitting are not as many, even though 
several authors did report the excellence of graphene in improving TiO2-based PEC water 
splitting. 
 
Figure 3- 10. Light-chopped chronoamperometric plots of TiO2 and graphene-modified TiO2 (G-TiO2) under UV 
illumination at 0.2 V vs AgCl|Ag, as reported by Zhou et al., as well as mechanistic illustration of graphene-
mediated anchoring and conveying of electrons from TiO2 conduction band. Reproduced from Ref [137] with 
permission of The Royal Society of Chemistry (RSC) on behalf of the Centre National de la Recherche 
Scientifique (CNRS) and the RSC. 
For example, Song et al. synthesised graphene oxide (GO) -modified TiO2 nanotubes by 
simple impregnation which exhibit a 15-fold increase in maximum photoconversion 
efficiency compared to that of unmodified nanotubes [135]. Bell et al. embedded reduced 
graphene oxide (RGO) into commercial TiO2 nanoparticles through UV-assisted photo-
deposition which promotes electron-conducting ability of the composite film, resulting in 
exceptional improvement of the water splitting process[146]. Zhou et al. prepared graphene 
sheets by the modified Hummers method and combined them with P25 TiO2 leading to 
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improved photocurrent intensity of more than 100% (Figure 3-10)[137]. Lee et al. prepared 
TiO2 nanorods-decorated graphene sheets and observed a shift of light absorption onset 
towards longer wavelengths which is followed by a 6-fold photocurrent improvement 
compared to pristine nanorods [138]. In-situ electrochemical reduction of graphene oxide 
and subsequent photo-deposition of graphene into TiO2 was also performed by Liu et al., 
resulting in remarkable photoelectrolytic activity [139]. 
 
Figure 3- 11. Schematic illustration of electron anchoring by graphene in a graphene-TiO2 composite system for 
photocatalytic H2 production in the presence of methanol (a), and the corresponding energy levels that involve in a 
photocatalytic H2 production process (b). Reproduced from Ref [149] with permission of the Royal Society of Chemistry. 
Furthermore, graphene-based modifiers for TiO2-based photoanodes were also reported for 
some studies involving organic sacrificial agents. Cheng et al. has successfully incorporated 
RGO onto P25 via a solvothermal method with an excellent photocatalytic performance for 
hydrogen production in the presence of methanol as a sacrificial agent [150]. Good results 
were also obtained by Xiang et al. who prepared graphene-modified titania nanosheets by a 
hydrothermal method and observed a 40-fold enhancement in hydrogen production from a 
water-methanol mixture (illustrated in Figure 3-11) [149]. These experiments, however, 
were conducted over powdered photocatalysts in colloidal systems, in which issues 
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Furthermore, the use of multiple-cation doping has also been proposed to offer more 
promising results as compared to that of single-cation doping. For example, Choi et al. 
investigated combinatorial bimetal dopants of Pt, Cr, V, and Ni. Cr-V-codoped TiO2 was 
reported to be the best photocatalyst over all doped TiO2 with single- and multiple-
dopants[46]. In addition, self-doping by Ti3+ was also found to be effective in promoting 
photoactivity of TiO2 under visible light as well as improving charge transport properties[47, 
162]. In any case, controlling the doping levels of cations is of the utmost importance since 
they can also serve as recombination centres instead of electron-hole separation promoters. 
Therefore, in most cases, there is always an optimum value of dopant concentration, i.e. a 
condition in which the visible light response is enhanced whilst preserving electron-hole 
separation.  
Despite its reliability to enhance photon absorption in low-energy spectra, the doping with 
metals and/or metal ions does have several shortcomings[163]. The doped TiO2 often suffers 
from thermal instability. Furthermore, some procedures of cation doping also requires 
expensive ion-implantation facilities. The doping may also cause partial blockage of surface 
sites available for photon penetration. Moreover, as mentioned before, excessive metal 
dopants may act as recombination centres which are detrimental to the overall photo-
induced water splitting process. 
3.3.2. Anion(non-metal)-doped TiO2 
In 2001, Asahi et al. reported a novel approach to lowering the band gap of TiO2 and thus 
increasing its response to visible light irradiation by introducing anion (non-metal) 
dopants[45]. Since then, several dopants have been investigated, such as nitrogen (N)[164], 
carbon (C)[165], fluor (F)[166], phosphor (P)[167], and sulphur (S)[168]. Unlike the doping of 
cations, anion doping in TiO2 lattice is not expected to generate impurity levels in the 
forbidden gap. Rather, a new valence band level that is more negative than the original is 
introduced as a result of hybridisation between the p orbital of the foreign anion and the 2p 
orbital of O (Figure 3-13)[45]. 
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Figure 3- 13. Intrinsic band gap of TiO2 (a) and that which is narrowed due to hybridisation of the 2p orbital of 
O and 2p orbital of N as a result of doping with N (b) 
Among its anion counterparts, N is considered to be the best dopant for TiO2 
photocatalysts/photoanodes[45, 169]. S shows an effective replacement of O in the valence 
band, but the incorporation of S atoms into TiO2 crystal structure is a practical difficulty 
because the ionic radius of S is so large that the energy barrier for S doping is high[45]. 
Reports on C and P as anion dopants were also enormous, although the energy levels of C 
and P are generally too deep for the photo-excited charges to be transferred effectively to 
the surface of the photocatalyst, hence increasing the recombination rate[153]. 
The incorporation of non-metals into TiO2 lattice is by no means without some 
disadvantages associated with it. Firstly, since the doping leads to a more negative energy 
level of valence band, holes will lose a portion of thermodynamic driving force towards 
oxidation of target compounds. In the context of H2 photoproduction, this could be 
considered as a major issue since the oxidation of water (or hydroxyl radicals) is known to be 
the rate limiting step. Secondly, the narrowing of the band gap generally increases the 
probability of electron-hole recombination. Other shortcomings include decreased response 
toward UV illumination, and unstable anion dopants during photo-induced processes[170-
174]. 
The use of multiple anion dopants is also considered as a promising strategy, such as that 
conducted by Yan et al. who reported the doping of TiO2 with C and F for photocatalytic 
degradation of methylene blue[175]. This treatment of combinatorial doping could modify 
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the light absorption of TiO2 within visible spectrum, owing to the altered band structure of 
TiO2. In addition, cation-anion co-doping is also intriguing in this context[166]. Synergistic 
effects of metal and non-metal dopants with respect to TiO2 have been reported to be the 
main reason for the remarkable enhancement in terms of optical properties and photo-
activity of TiO2[170]. This modification leads to significant improvements in light absorption 
within visible light region and effective charge transfer[161]. In addition, the doping level of 
non-metal dopants (N in particular) is usually low. The existence of co-dopants could 
significantly increase the doping level of non-metals by stabilising the non-metal atoms in 
TiO2 matrix[170]. In any case, this approach is expected to introduce an interaction between 
multiple dopants which is distinguished from that of single dopant, resulting in a more 
significant photocatalytic performance. 
3.3.3. Hydrogenated (black) TiO2 
In 2011, Chen et al. reported a breakthrough in manipulating the band gap of TiO2[48]. 
Engineered disorders with simultaneous dopant incorporation were conducted by a 
hydrogenation treatment. This prolonged, pressurised, and high-temperature H2 treatment 
led to massive lattice disorders, due to which mid-gap states were generated. These mid-gap 
states possessed different energy distribution from that of a single defect in a crystal and 
could form continuum extension to the conduction band edge, denoted as band tail states 
(Figure 3-14)[48]. These energy states, combined with the energy levels produced by 
dopants, play a major role in photo-excitation processes. The black hydrogen-treated TiO2 
produced remarkable results in terms of activity and stability of H2 production (24% 
quantum efficiency with 20 cycles unaffected photo-production performance)  and 
methylene blue degradation (over 7 times faster reaction than untreated TiO2)[48]. 
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Figure 3- 14. Schematic illustration of the DOS of disorder-engineered black TiO2 nanocrystals, as compared to 
that of unmodified TiO2 nanocrystals. From Ref [48]. Reprinted with permission from AAAS. 
Since this finding, several studies on H2 treatment of TiO2 have been reported. However, 
there is disagreement among these reports with regards to the effects of the hydrogenation 
treatment on the optical properties of TiO2. Similar results to that of Chen et al. were also 
reported by Wei et al., who prepared hydrogen-treated TiO2 nanosheet for the degradation 
of methylene blue and phenol[176]. A broad light absorption band toward the infrared 
range was observed. The photo-activity of hydrogen-treated TiO2 nanosheet was superior to 
P25 and anatase TiO2 under both UV and visible region illumination. A similar treatment has 
also been carried out to F- and N- co-doped TiO2[177]. The hydrogen treatment, along with F 
and N incorporation, give a significant improvement in visible and near-infrared light 
absorption. Observable improvements in optical and photocatalytic properties due to 
hydrogen treatment have also been reported by several authors[178-181].  
Zheng et al. reported H2 treatment of hydrothermal-synthesised TiO2 nanotubes with 
remarkable improvement in light absorption within the UV region. However, the photo-
activity under visible light illumination were rather low because the mid-gap states of the 
black TiO2 was lower than the H+/H2 pair redox potential[182]. On the other hand, Wang et 
al. prepared hydrogen-treated TiO2 nanowires for photoelectrochemical water splitting. 
Assessed by IPCE measurements in various wavelengths, hydrogen-treated TiO2 nanowires 
exhibited remarkable photoactivity enhancement within the entire UV region. They 
suggested that the hydrogen treatment shows more positive effect on the activity under UV 
than it does under visible light region[183]. 
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These contradictory results arose perhaps due to the fact that the condition under which the 
hydrogen treatment is carried out is different from one experiment to another. 
Furthermore, the effects of base material of TiO2 to which hydrogen treatment is applied 
may also interfere the results. For example, Naldoni et al. reported that the hydrogen 
treatment on white TiO2 and P25 did not give significant band gap changes, while the 
treatment on amorphous TiO2 gives a final band gap of 2.75 eV (or 1.85 eV, considering band 
tailing)[184]. On the other hand, hydrogen treatment had actually been carried out by other 
researchers before Chen et al. reported this finding in 2011. However, the improvement by 
hydrogen treatment was restricted to the conductivity of photocatalysts and the number of 
defects (oxygen vacancies and Ti3+ interstitials) rather than visible light sensitisation of the 
photocatalyst [185]. 
3.3.4. Visible-light-active titanates: bismuth titanates 
In the early 2000s, studies in the use of bismuth titanates as light-harvesting materials for 
photocatalytic applications began to attract the attention of researchers and scientists 
working in the related fields. Three stable phases are recognised for bismuth titanates, 
namely sillenite (Bi12TiO20), pyrochlore (Bi2Ti2O7), and perovskite (Bi4Ti3O12), with the first 
being the most studied amongst these materials. However, there is considerable 
disagreement in the literature with regards to the band gap of Bi12TiO20. Yao et al.[186, 187] 
and Zhou et al.[52] reported a band gap value of 2.4 eV for the sillenite, while Hou et 
al.[188] and Zhu et al.[189] found bad gap values of 2.55 eV and 2.7 eV, respectively. In fact, 
Zhang et al.[190] discovered that the band gap of Bi12TiO20 was in the range of 3.18 – 3.20 
eV, which agreed with first-principles characterisation conducted by Wei et al.[191] who 
proposed band gap values of larger than 3.0 eV. Nevertheless, Bi12TiO20 did show excellent 
photo-activity under visible light irradiation for photocatalytic oxidation of methyl 
orange[186], acid orange 7[189], and methanol[52]. Yao et al. proposed that the visible light 
absorption of Bi12TiO20 is determined by the electron excitation from Bi3+ 6s level 
(representing valence band) to Ti 3d level (representing conduction band), with the latter 
presumed to be located in between Bi3+ 6s and Bi3+ 6p levels[186]. 
Pyrochlore (Bi2Ti2O7) has also been proven to be photocatalytically active under visible light 
irradiation. Murugesan and Subramanian[192] synthesised pyrochlore nanorods for 
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applications in photocatalytic water splitting and degradation of methyl orange. Based on 
their DFT study and UV-vis diffuse reflectance measurements, they found a band gap value 
of 2.88 eV for Bi2Ti2O7, which was narrower than that of TiO2 (3.24 eV). It was also believed 
that the band gap narrowing was driven by shifts of both conduction and valence bands. The 
conduction band of Bi2Ti2O7 was represented by the mixing of Ti 3d and Bi 6p while the 
valence band was represented by the mixed orbitals of Bi 6s and O 2p. This alteration in 
light-absorption behaviour of titanates also led to improvement in H2 production from 140 
ml (in the use of TiO2) to 285 ml (in the use of Bi2Ti2O7) as well as to visible-light-induced 
degradation of methyl orange from <1% (TiO2) to 14% (Bi2Ti2O7). A photocatalytic study 
employing pyrochlore was also conducted by Hou et al.[193], revealing excellent photo-
degradation of rhodamine B under visible light irradiation. Furthermore, some good results 
on photocatalytic activity of perovskite bismuth titanates under visible light illumination 
have also been published, e.g. photodegradation of rhodamine B and methyl orange 
reported by Cao et al.[194] and Yao et al.[195], respectively.  
 
Figure 3- 15. Polarisation curves of titanate films reported by Murugesan et al.: TiO2 under dark (a) and 
illumination (c); Bi12TiO20 under dark (b) and illumination (d). Reprinted with permission from [196]. Copyright 
(2010) American Chemical Society. 
While most studies on bismuth titanates are focused in a powdered form, their synthesis in 
the form of films, particularly, for PEC applications has also emerged, albeit to a lesser 
extent. Considering its potential as visible-light-active titanates, the use of bismuth titanates 
in PEC H2 production is a great opportunity. Murugesan et al. investigated the formation of 
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Bi12TiO20 nanocubes via a hydrothermal route with anodised TiO2 nanotubes as the source of 
Ti[196].  The resultant sillenite nanostructures offer visible light absorption as confirmed by 
diffuse reflectance UV-vis spectroscopy. PEC measurements also show promising results, as 
depicted in Figure 3-15. The maximum photocurrent density offered by sillenite is 2.4 
mA/cm2, significantly higher than that revealed by TiO2 nanotubes (1.45 mA/cm2). It was 
also evident from the spectral IPCE results that the sillenite nanocubes were responsive 
towards visible light illumination. Nevertheless, the photocurrent-onset potential of 
Bi12TiO20 was less negative than that of TiO2, which might indicate that the conduction band 
is located at a lower absolute energy level. This led to lower photocurrent of Bi12TiO20 as 
compared to that of TiO2 in low-bias operations. 
Modifications on bismuth titanates to further improve the photocatalytic properties have 
also been reported, such as doping with N to further explore the visible light 
photoactivity[197] and incorporation of graphene to improve the kinetics of photo-
carriers[198]. Besides the aforementioned stable phases of bismuth titanates, the 
metastable Bi20TiO32 with band gap of ca. 2.38 eV was also reported to excel in driving the 
photodegradation of red X3B dye[199] and methyl orange[40].  
Considering the potential of bismuth titanates mentioned above, attempts in fabrication 
bismuth titanate films via spray pyrolysis to be employed as alternative titania-based 
photoanodes were also taken during this PhD Study, and some results will be presented in 
Section 8.3 (Chapter 8) of this thesis. 
3.3.5. Other techniques 
Some other techniques have also been introduced in order to achieve visible-light-driven 
systems based on titania, such as semiconductor coupling, dye sensitisation, and deposition 
of plasmonic metals. Figures 3-16(a), (b), and (c) respectively illustrates the mechanisms of 
these methods in exploiting visible light to produce photo-induced charge carriers. In Figure 
3-16(a), two semiconductors are heterojunctioned: semiconductors 1 and 2, with the band 
gap of semiconductor 2 being narrower (visible-light-active) than that of semiconductor 1 
(UV-active). Under illumination of UV-vis light, both semiconductors produce energetic 
carriers which are available for redox reactions (assuming thermodynamic requirements are 
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phase (semiconductor – metal – electrolyte) boundaries[201]. The latter effect improves the 
rate of charge transfer in the region near the metal nanoparticles[201]. 
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Chapter 4. Research Methodology 
 
 
 
This chapter elaborates on the experimental methodology 
applied to obtain data results that will be discussed 
throughout Chapters 5, 6, 7, and 8 of this thesis. The 
procedure of fabricating titania-based photoanodes is 
explained in the first Section of this Chapter (Section 4.1). 
Techniques that are applied in order to characterise the 
important parameters of photoanode films, along with 
the corresponding analytical instruments, are 
documented in the second Section (Section 4.2). In the 
last Section (Section 4.3), photoelectrochemical 
measurements to assess the effectiveness of the prepared 
materials in facilitating hydrogen production are 
presented.  
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4.1. Material Preparation 
4.1.1. Preparation of precursor solutions 
In this study, spray pyrolysis was chosen as a technique to produce thin films that were 
utilised as photoanodes for PEC H2 production. Known for its simplicity, versatility, low cost, 
and short processing time in the fields of material deposition and film fabrication, spray 
pyrolysis enables tuning of important film parameters, such as morphology, thickness, 
chemical composition, doping levels, crystallinity, optical properties, etc., by changing the 
type and composition of material precursors and modifiers, or by adjusting the spraying 
parameters, such as number of deposition layers, substrate temperature, pressure of gas 
carrier, solution flow rate, nozzle-to-substrate distance, and so on.  
In the beginning of Chapter 5, important properties of the TiO2 films that were assigned as a 
baseline for further modifications are discussed. Accordingly, a typical precursor solution for 
the TiO2 films contained titanium (IV) isopropoxide (TTIP, ≥97%, Sigma-Aldrich) as a Ti 
source, acetylacetone (AcAc, ReagentPlus®, ≥99.5%, Sigma-Aldrich) as a stabiliser / chelating 
agent, and ethanol absolute (AnalaR NORMAPUR®, VWR) as a solvent. As Chapter 5 is 
dedicated to describing morphological modification of TiO2 films with polyethylene glycol 
(PEG)-templating, PEG of various molecular weight (200 – 1000 g/mol, all supplied by Sigma 
Aldrich) were introduced into the aforementioned reference solution. The concentration of 
PEG in solutions is also a subject for discussion in Chapter 5. Furthermore, Chapter 6 is 
mainly focused on H2 production with and without sacrificial agents rather than film 
materials, hence no important adjustment was taken into action in terms of film preparative 
set-ups. 
Chapter 7 addresses graphene-modified TiO2 films in order to improve the separation of 
photogenerated electron-hole pairs, hence improving the kinetics of photoelectrolytic 
processes. For this purpose, the same solution composition as that described for the 
unmodified film in Chapter 5 is used with an addition of graphene. Graphene is obtained 
from two suppliers: Graphene Supermarket and ACS materials. Graphene obtained from 
Graphene Supermarket is dispersed in ethanol-based suspension, containing 1 mg/L 
ultrapure graphene flakes (no oxidation) while that obtained from ACS Materials is of 
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powdered single layer graphene, effectively reduced by H2 with electrical resistivity lower 
than 0.30 and BET surface area of 400 – 1000 m2/g. The properties of graphene from both 
suppliers were assumed to be similar. 
Table 4- 1. List of precursor solutions prepared for spray pyrolysis deposition 
Ti source; 
concentration 
Chelating agent; 
concentration 
Solvent Modifier; concentration Remarks 
TTIP; 0.2 mol/L AcAc; 0.39 mol/L ethanol - reference, unmodified 
TTIP; 0.2 mol/L AcAc; 0.39 mol/L ethanol PEG200; 5 – 40 g/L PEG200-modified 
TTIP; 0.2 mol/L AcAc; 0.39 mol/L ethanol PEG300; 10 and 15 g/L PEG300-modified 
TTIP; 0.2 mol/L AcAc; 0.39 mol/L ethanol PEG400; 10 and 20 g/L PEG400-modified 
TTIP; 0.2 mol/L AcAc; 0.39 mol/L ethanol PEG600; 10 and 30 g/L PEG600-modified 
TTIP; 0.2 mol/L AcAc; 0.39 mol/L ethanol PEG1000; 10 and 50 g/L PEG1000-modified 
TTIP; 0.2 mol/L AcAc; 0.39 mol/L ethanol Graphene; 0.05 mg/L graphene-modified 
TTIP; 0.2 mol/L AcAc; 0.39 mol/L ethanol 
Cu(NO3)2.3H2O; 2.52 – 25.2 
mmol/L 
Cu-doped 
TTIP; 0.2 mol/L AcAc; 0.39 mol/L ethanol 
V(III)acac; 3.14 and 31.4 
mmol/L 
V-doped  
TTIP; 0.2 mol/L AcAc; 0.39 mol/L ethanol 
Fe(NO3)3.9H2O; 2.86 – 28.6 
mmol/L 
Fe-doped 
TTIP; 0.2 mol/L AcAc; 0.39 mol/L ethanol NH4NO3; 0.1 – 0.3 mol/L N-doped, TTIP-NH4NO3 
TTIP; 0.2 mol/L AcAc; 0.39 mol/L ethanol Urea; 0.2 – 0.5 mol/L N-doped, TTIP-urea 
TiCl3 in HCl solution; 
0.2 mol/L 
- ethanol - Ti3+-doped, ethanol 
TiCl3 in HCl solution; 
0.2 mol/L 
- DI water - Ti3+-doped,, DI water 
TiCl3 in HCl solution; 
0.2 mol/L 
- ethanol Urea; 0.1 – 0.5 mol/L N-doped, TiCl3-urea, ethanol 
TiCl3 in HCl solution; 
0.01 mol/L 
- DI water Urea 5 mol/L N-doped, TiCl3-urea, water 
TTIP; 0.2 mol/L AcAc; 0.39 mol/L ethanol BiND; 0.2 mol/L bismuth titanates – BiND 
TTIP; 0.003 and 0.02 
mol/L 
AcAc; 0.39 mol/L ethanol TPB; 0.2 and 2.4 mol/L bismuth titanates – TPB 
 
In addition, several attempts to producing narrow band gap titania for PEC operation under 
visible light were also exerted and will be addressed in Chapter 8. These include doping with 
metal (Cu, V, Fe) cations and non-metal (N) anions, self-doping by introducing Ti3+ via 
annealing in H2 atmosphere or using Ti3+-based Ti precursor, and synthesising bismuth 
titanates which are known to be responsive towards visible light illumination. Accordingly, in 
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addition to the typical composition of the precursor solutions, a variety of chemicals were 
added as film modifiers. In the case of metal doping, the chemicals were as follows: copper 
(II) nitrate trihydrate (Cu(NO3)2.3H2O, 98%, Sigma Aldrich), vanadium (III) acetylacetonate 
(V(III)acac, 97%, Aldrich), and iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O 98%, Sigma 
Aldrich). Ammonium nitrate (NH4NO3, 98%, Sigma Aldrich), and urea (Sigma) were used as 
nitrogen sources for non-metal doping. As mentioned before, a Ti3+-based Ti precursor was 
also used in replacing the regular TTIP, that is titanium (III) chloride (TiCl3, 30% in 10% HCl 
solution, VWR) with ethanol or DI water as solvents. Bismuth neodecanoate (BiND, VWR) 
and triphenyl bismuth (TPB, 98%, Alfa Aesar) were used as bismuth sources for synthesis of 
bismuth titanates. However, considering the fact that TiCl3 solution contains concentrated 
HCl, it was used only when necessary and with safety precautions. In order to prevent 
permanent damage of the apparatus and its surrounding due to the use of such a highly 
corrosive liquid, spray pyrolysis was done manually, which of course might be subject to 
uncertainties and reproducibility issues.  
The list of constituents that were contained in the precursor solutions, along with their 
corresponding concentration, is presented in Table 4-1.  
4.1.2. Film fabrication: spray pyrolysis deposition 
Figure 4-1 depicts the schematic diagram and photograph of the spray pyrolysis system. The 
automated computer interface of this system is capable of controlling the spraying pattern 
and the film deposition area, while other parameters, such as substrate temperature, 
solution flow rate, or pressure of the carrier gas can be manually, yet conveniently, adjusted. 
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Figure 4- 1. Schematic diagram and photograph of the spray pyrolysis deposition apparatus for production of 
TiO2 films 
Film materials discussed in this thesis were all deposited on Fluorine-doped tin oxide (FTO 
on 3-mm thick fused silica glass, Hartford Glass Inc., USA) as an underlying substrate. These 
substrates are transparent and conductive with sheet resistance of 7 – 9 Ω/sq (TEC 8) or 14 – 
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16 Ω/sq (TEC 15). Prior to each material preparation routine, the FTO glass was rinsed with 
acetone to remove any grease and organic impurities on its surface, followed by soaking it in 
deionised (DI) water and left in an ultrasonic bath for 15 minutes. After sonication, the glass 
sheet was then rinsed with DI water, wiped with clean tissue paper, and blown with dry 
compressed air. The FTO glass sheet was then ready for deposition. 
The clean glass substrate was placed on top of a hotplate which was to be heated up to 
480oC. However, conductive thermal losses associated with the thermal-resistive glass 
substrate and the cooling both by surrounding air and solution aerosols resulted in surface 
temperature of the glass to be ca. 330 – 350oC (measured in real-time using Fluke 561 IR 
thermometer). The position of the substrate was adjusted so that the sprayed aerosols 
covered the whole surface of the substrate. A region (the wide of which is ca. 5 – 8 mm) 
near the edge of the substrate was covered to allow undeposited conducting oxide, on a 
purpose of establishing galvanic contact during PEC assessments. Typically, the precursor 
solution was delivered by a syringe pump at a flow rate of ca. 1 ml/min to a spray nozzle 
(TQ+ quartz nebuliser, Meinhard®, USA, inset of photo in Figure 4-1), whose position was 
fixed at 10 cm from the heated substrate. Compressed air (50 psig) was supplied to the 
nozzle as carrier gas. In order to give homogenous coating, the motion of the spray head 
was set to be moving zig-zag both on horizontal and vertical directions, and was adjusted by 
a CNC system (Heiz T-720, Germany). The deposition was done for several layers according 
to film thickness requirements. The as-deposited films then underwent heat treatment at 
typically 500oC for 2h in a tube furnace, although the temperature was also varied in the 
range of 400oC – 600oC during scouting experiments. Typically, calcination was done in air 
environment. However, for the purpose of Chapter 7, the calcination under N2 atmosphere 
was necessary in order to prevent graphene flakes from being taoxidised. In addition, N2-
atmosphere calcination was also required in the case of N-doping in order to prevent the 
loss of N atoms due to oxidation by air. Calcination under N2-H2 atmosphere was also carried 
out on several occasions in order to attempt self-doping by Ti3+.  
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approximations in terms of relative measures between films. Thickness of the films was 
evaluated by cross-sectional FEGSEM imaging. Measurements of film thickness were also 
attempted using a stylus profilometer (Tencor Alphastep 200 Automatic Step Profiler). 
Accordingly, the films were scratched with a blade, and the probe scanned perpendicular to 
the scratch line, giving a sharp valley-shaped profile.  However, this method results in data 
with high standard deviations and errors, which might come from the arbitrary manner in 
which the scratch were made; it could have been too deep hence penetrating FTO layer and 
overestimating TiO2 thickness, or not deep enough so it gave underestimated values of film 
thickness.  
4.2.3. X-ray diffraction patterns 
X-Ray diffractograms of the prepared films were recorded using a desktop D8 Bruker XRD 
machine (X’Pert Pro model, PANalytical, UK), conducted with x’celerator detector, soller 004 
rad, Cu Kα irradiation as a photon source (λ = 1.5406 Å) and Ni filter, operating at 40 kV and 
40 mA. All samples were analysed within the range of 2 = 5o – 70o  along the Gonio axis, at a 
scanning rate of ca. 2o/min. The generated XRD patterns were then referenced to the JCPDS 
data cards from International Centre of Diffraction Data (ICDD) databank. 
4.3. Photoelectrochemical operations 
The prepared photoanode films were then employed as working electrodes to assess their 
PEC properties and efficiency. PEC operations were conducted in a conventional in-house 
built three-electrode cell (Figures 4-3(a) – (c)) with platinised Ti employed as the counter 
electrode, at which the overpotential for hydrogen evolution is assumed to be negligible, if 
any at all. A home-made mercury-mercury oxide (HgO|Hg, Figure 4-4(a)) was prepared to be 
assigned as a reference electrode (+0.926 V vs RHE). This particular reference electrode was 
chosen because it is known to be thermodynamically stable within a wide range of potential 
and pH, as shown by the Pourbaix diagram illustrated in Figure 4-4(b). The films were 
masked with acrylic lacquer (RS components, UK), leaving out a working geometric area of 
ca. 0.3 cm2. All electrodes were attached to the lid of the PEC cell depicted in Figures 4-3(a) 
and (b). 
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Figure 4- 3. A three-electrode cell used to assess the PEC properties of prepared films (a); the lid of the cell to 
which the photoanode and counter electrode are attached (b); illumination of the PEC cell (c) 
The typical electrolyte was 1 mol/L NaOH solution, prepared by dissolving NaOH pellets 
(99.0 – 100.5%, VWR) in DI water. In systems containing sacrificial agents, a range of organic 
compounds were introduced, namely: methanol (≥99.9%, Sigma-Aldrich, 1 C atom 1 OH 
group), ethanol (absolute, VWR, 2 C atoms 1 OH group), ethylene glycol (≥99.8%, Sigma-
Aldrich, 2 C atoms 2 OH groups), 1-propanol (≥99.5%, Sigma-Aldrich, 3 C atoms 1 OH group), 
1,3-propanediol (≥98%, Sigma Aldrich, 3 C atoms 2 OH groups), glycerol (≥99.5%, Sigma-
Aldrich, 3 C atoms 3 OH groups), 1-butanol (≥99.8%, Sigma-Aldrich, 4 C atoms 1 OH group), 
2-methyl-2-butanol (≥99%, Sigma-Aldrich, 5 C atoms 1 OH groups), formic acid (≥95%, 
Sigma-Aldrich), and formaldehyde (37%wt, containing 10% methanol as a stabiliser, Sigma-
Aldrich). In addition to what is mentioned above, humic acid (VWR) and urea (Sigma) were 
also evaluated as potential sacrificial agents. PEC measurements were carried out after 
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vigorously deaerating the electrolyte solution with N2 gas for at least 15 minutes. Unless 
specified otherwise, all experiments were conducted at room temperature and pressure. 
 
Figure 4- 4. HgO|Hg reference electrode and its pH-potential (Pourbaix) diagram 
The workstation for PEC measurements is depicted in Figure 4-5. The cell was connected to a 
potentiostat (AUTOLAB PGSTAT302N, MetrOhm, UK) and controlled by NOVA software. A 
300-W Xe lamp (LOT-Oriel GmbH & Co.KG) was used as a light source to provide broad-
spectrum illumination, equipped with a TLS1509-X150 monochromator (Omni-λ1509, Zolix). 
The light intensity was measured by a USB-connected EPP2000C UV-Vis spectrometer 
(StellarNet, Tampa, Florida) with concave holographic grating. 
 
Figure 4- 5. Workstation for photoelectrochemical measurements of the prepared photoanode films 
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invoked by many published papers whilst not reporting gas detection, nor were Faradaic 
efficiencies established. In addition, the experiments were typically carried out with an 
apparent geometric area of ca. 0.3 cm2 (similar to most laboratory experiments cited in this 
research field). Taking into account the liquid volume of the cell (50 mL) and working under 
the reasonable assumption that complete degassing had been achieved through N2 purging 
(i.e. no dissolved O2 or H2), calculations showed that it would require operations of the cell 
in excess of 24 hours to release H2 gas and 79 hours to release O2 gas (assuming Faradaic 
efficiency of 1). This is due to the low photocurrents (small area exposed) and the relative 
solubility of the gases in the electrolyte. So it is rather impractical to impose any gas 
detection in the current set-up. It is conceivable that, in order to monitor the time course of 
dissolved gases, an oxygen probe (such as Clark electrode) could be installed, while the 
amount of H2 produced can be calculated back based on photocurrents (provided there is 
no initial dissolved oxygen which otherwise could be reduced at the counter electrode). 
However, this idea would require a redesign of the current setup, something that could be 
aimed for in the future.  
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Chapter 5. Morphological Modification of 
TiO2 Photoanodes via PEG-Templating 
 
 
This chapter tackles one of the drawbacks of PEC H2 
production which is based on thin films, i.e. limited 
interfacial area of contacts between photocharge carriers 
and their redox counterparts. Accordingly, morphological 
modification of TiO2 films was carried out via 
polyethylene glycol (PEG) templating. The effects of PEG 
molecular weight and its concentration in the precursor 
solutions were investigated with respect to the resultant 
morphology, film properties, and associated PEC 
responses. PEC output was found to be sensitive towards 
film morphology and strongly influenced by the presence 
of nano-sized features. Within the studied range, the 
concentration of PEG in precursor solutions is more 
important than its molecular weight. An optimum PEG 
concentration that gave the best PEC performance was 
obtained. 
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5.1. Unmodified TiO2 films 
Unmodified TiO2 films were synthesised as blank TiO2 materials, against which the 
morphology-modified TiO2 films are benchmarked. As detailed in Chapter 4, all films in this 
study were prepared via an air-blast spray pyrolysis technique with titanium tetra-
isopropoxide (TTIP) as a main titanium precursor, and acetylacetone (Acac) as a chelating 
agent that prevents uncontrolled hydrolysis and precipitation processes. The mixture of TTIP 
and Acac resulted in a monocationic complex comprising of partially hydrolysed isopropoxy 
groups and Acac, as a bidentate ligand bound to titanium [205]. This mixture was dissolved 
in absolute ethanol, and sprayed onto the pre-heated FTO substrate to generate TiO2 
precipitates, as a result of hydrolytic polycondensation of TTIP-Acac complex by water 
vapour in the vicinity of the pre-heated substrate. The chemistry of TiO2 formation from 
alkoxide-based precursors have been described in detail by Yoldas[206]. Considering 
uncertainties of as-deposited films pertaining to the degree of TTIP conversion or 
development of crystallite phases during deposition, only calcined films will be discussed 
throughout this thesis. These uncertainties might come from e.g. variation in room humidity 
and real-time substrate temperature as a result of thermal equilibration with the room 
temperature (which is expected to vary from time to time). 
 
Figure 5- 1. Top-view SEM images of TEC 8 FTO (a) and TiO2 films deposited for 10 (b), 20 (c), 30 (d), and 40 (e) 
layers 
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Figures 5-1(a) – (e) depict the SEM micrographs of FTO and post-calcined TiO2 films at 
various deposition layers. All films were crack-free, optically transparent, and uniform. It is 
apparent that the morphology of the FTO underlying substrate (Figure 5-1(a)) dictated the 
direction of TiO2 particle aggregation. The superficial feature of TiO2 films evolved with 
deposition layers towards a somewhat interconnected hemispherical structure, with well-
defined boundaries (Figures 5-1(b) – (e)). This observation implies that the choice of 
substrates can be a matter of importance since they act as templates for the superstructure 
of spray-pyrolysed materials, which may in turn affect their performance in various 
applications. Figures 5-2 (a) – (e) depict cross-sectional SEM images of FTO and TiO2 films, 
from which the thickness of each film can be deduced. The thickness of TiO2 films was often 
indistinguishable from that of the FTO underlying layer, indicating good adherence of the 
precipitated droplets to the surface of the substrate. Since the measured FTO thickness was 
ca. 400 nm (Figure 5-2(a)), the total thickness of the produced films (Figures 5-2(b) – (e)) was 
subtracted by this value to obtain the actual thickness of TiO2 layer. A relationship between 
the number of deposition layers and the resultant TiO2 thickness is presented in Figure 5(f). 
 
Figure 5- 2. Cross-sectional SEM images of TEC 8 FTO (a) and TiO2 films deposited for 10 (b), 20 (c), 30 (d), and 
40 (e) layers; correlation between the deposition layer and resultant film thickness (f) 
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Spectral absorption behaviour of these films is presented in Figure 5-3(a), revealing 
proportionality between film thickness and absolute absorbance. This correlation is 
exemplified in the inset of Figure 5-3(a) for various incident photon wavelengths with 
gradients of the trend lines representing absorption coefficients of the respective films. 
Band gap can also be derived from the absorbance spectroscopy data by constructing Tauc 
plots (Figure 5-3(b)), as explained in Section 4.2.1. It is inferred from Figure 5-3(b) that the 
produced TiO2 films possessed band gap values of around 3.2 eV, a typical value known for 
an anatase crystallite phase[207], which was confirmed by the XRD results presented below. 
 
Figure 5- 3. Spectral absorbance of TiO2 films (a) and its dependent on film thickness at various photon 
wavelengths (inset); estimation of band gap values (b) 
 
Figure 5- 4. XRD patterns of TiO2 films with different layers 
Crystallographic structures of the synthesised films are represented by X-ray diffractograms 
in Figure 5-4. Two anatase characteristic peaks emerged at 2θ of 25.3o and 47.8o, 
conforming to the indices of (101) and (200) planes, respectively (JCPDS card no. 21-1272), 
(a) 
(b) 
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although the latter only appeared in the case of a relatively thick film (40 layers). Expectedly, 
no characteristic peak of rutile (e.g. (1 1 0) plane at 27.4o, according to JCPDS card no. 21-
1276) was observed because rutile has been reported to be generated at 610oC or 
above[208], which is much higher than the annealing temperature applied in this study. 
Furthermore, the dependence of peak intensity on the film thickness of TiO2 could be 
attributed to the presence of a fix portion of the highly crystalline FTO layer (especially at 2θ 
of 26.6o assigned for (101) cassiterite SnO2 according to JCPDS card no. 41-1445), so that the 
diffraction intensity of TiO2 for various thicknesses was relative to that of FTO. In addition, it 
was also possible that thick films were able to absorb a large quantity of heat and restrained 
it for a long time within their bulk region[209]. Therefore, thicker films are expected to 
undergo more effective heat treatment, which results in higher crystallinity as opposed to 
thinner films that are treated under the same conditions. 
 
Figure 5- 5. Linear-sweep voltammograms of FTO and TiO2 films (sweep rate of 10 mV/s for 1 mol/L NaOH 
electrolyte) under 120 W/m2 white light illumination from Xe lamp (a); reproducibility test of TiO2 films 
deposited for 40 layers under the same preparative condition (b) 
In typical polarisation measurements under illumination as presented in Figure 5-5(a), the 
potential of the working electrode with respect to the reference electrode was swept 
linearly with time in order to record the corresponding photocurrent. Figure 5-5(a) reveals 
that FTO was photoelectrochemically inactive, and that the 40-layer TiO2 film slightly 
outperformed its counterparts, all of which showed similar PEC output. Importantly, three 
different samples of 40-layer TiO2 films were also photoelectrochemically tested, and it is 
evident in Figure 5-5(b) that the experimental techniques applied in this study was 
satisfactorily reproducible. 
(a) (b) 
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the photocurrent-onset potential, has also been found for TiO2 films[159, 212]. In addition, 
extrapolation of the curve in Figure 5-6(b) implies that    
   is located at ca. -0.11 V vs NHE, 
which is comparable to the reported value of ca. -0.17 V vs NHE [210]. 
5.2. Morphology-modified TiO2 films by PEG-templating 
In studies exploiting solid-liquid interfaces, such as TiO2-based PEC production of H2, 
morphology is a crucial factor. Surface area of compact films can be improved by increasing 
their porosity and/or roughness via morphology modification that is achieved typically by 
employing templating agents (addressed in Section 3.1.1). Polyethylene glycol (PEG) is 
believed to be one of the best templates for the morphological alteration of titania-based 
films[213, 214]. As reported in the literature (Table 3-1), a wide range of synthesis routes 
have been applied to produce PEG-templated TiO2 films such as sol-gel[77, 215-217], 
hydrothermal[218], electrochemical anodisation[219], and spray pyrolysis[78, 220]. These 
films have been utilised in many applications with exceptional results, such as super-
hydrophilic surface[71, 77, 96], solar cells[71], and photodegradation of pollutants[77, 105]. 
To our knowledge, however, the use of these materials for PEC H2 production is rather 
limited. Indeed, Fei et al. has successfully synthesised PEG-templated TiO2 films, resulting in 
a novel nanospider structure with improved PEC responses as compared to that of the 
unmodified film[57]. However, the PEC efficiency of this film is relatively low (0.23%).  
5.2.1. Effect of PEG molecular weight (constant weight concentration) 
Studies on the effect of molecular weight of PEG as a morphology modifier have been 
conducted on the basis of constant weight [76, 100, 104, 213, 214]. However, these were 
mostly implemented using a sol gel – dip coating method, whereas the utilisation of a direct 
one-step spray pyrolysis technique for such investigation is relatively scarce. This section is 
intended to investigate PEG-assisted morphological modifications of TiO2 films, utilising 
different molecular weight of PEG (200 – 1000 g/mol) at the same weight concentration (10 
g/L). In this chapter, PEG-modified films are denoted as xPEGy-TiO2, where x is the weight 
concentration of PEG in the precursor solution (in g/L) and y is the molecular weight of PEG 
(in g/mol). Unless specified otherwise, all films were deposited for 40 layers. 
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Figure 5- 7. Top-view micrographs of unmodified TiO2 (a,g), 10PEG200-TiO2 (b,h), 10PEG300-TiO2 (c,i), 
10PEG400-TiO2 (d,j), 10PEG600-TiO2 (e,k), and 10PEG1000-TiO2 (f,l) 
115 
 
The effect of PEG molecular weight (at a fixed weight concentration) on the surface 
morphology of TiO2 films is illustrated in Figure 5-7(a) – (l). The unmodified sample was 
recognised by its typical smooth-surface aggregates sized ca. 100 – 500 nm, compactly 
interconnected across the surface with clear inter-domain boundaries as previously 
perceived. Upon PEG-templating, morphology evolution was evident. In the case of 
10PEG200-TiO2, the film surface was clearly roughened, generating small features with a size 
range of ca. 10 – 30 nm, while the large feature remained comparable to that of the control 
sample. Increasing the molecular weight of PEG to 300 g/mol did not give an appreciable 
change to the morphology as the size ranges of both the small and large features are 
relatively intact. A more noticeable alteration was demonstrated in the case of 10PEG400-
TiO2 which led to a slightly wider size range of the small features (5 – 30 nm) and slight 
growth of the large features (200 – 600 nm). Boundaries of aggregates also visually blurred 
to some extent. A further increase in molecular weight to 600 g/mol caused the small 
features to be hardly observed, and some nano-cracks were scattered across the surface of 
aggregates. Finally, the film prepared with PEG of 1000 g/L molecular weight displayed the 
smoothest texture amongst the PEG-modified TiO2 films, although very slight distinctions 
could still be spotted as compared to the unmodified film.  
As mentioned in Section 4.2.2, open-source Gwyddion software for image processing was 
used as a tool to estimate the root mean square of surface roughness (    ) and the ratio of 
developed surface area (   ). Such estimation is presented in Table 5-1, from which it can be 
inferred that PEG templating was an effective technique for improving roughness and 
effective area of TiO2 film surface.        and     generally increased with PEG molecular 
weight until critical values were achieved in the use of PEG-400. Increasing the molecular 
weight to 600 g/mol and 1000 g/mol led to decline in      and    , as perceived in visual 
observation of SEM micrographs in Figure 5-7(e) and (f). 
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Table 5- 1. Estimated surface statistic parameters of TiO2 films, modified by PEG with various molecular weight 
at a constant weight concentration (10 g/L) 
Film samples     *     Roughness topographical profiles** 
Unmodified TiO₂ (0.8 ± 0.0) nm 22% 
 
10PEG200-TiO₂ (2.4 ± 0.3) nm 170% 
 
10PEG300-TiO₂ (2.3 ± 0.2) nm 164% 
 
10PEG400-TiO₂ (3.3 ± 0.3) nm 191% 
 
10PEG600-TiO₂ (1.4 ± 0.1) nm 66% 
 
10PEG1000-TiO₂ (0.9 ± 0.1) nm 32% 
 
* The presented values are average estimates, generated from 40 parallel horizontal probing lines along the y-axis of SEM images 
**The profiles are estimates of peak-to-valley gaps with respect to the wavy texture of smooth FTO-templated surface as background. The 
presented plots are those which give the average value of Rrms. The micrographs are by the size of 1 µm x 1 µm. 
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It seems that the effects of PEG addition were not limited to the topographical profile of the 
surface, since it also affected the bulk microstructure of the films. TEM images and EDX 
analysis of the unmodified TiO2 and 10PEG200-TiO2 films are depicted in Figure 5-8, from 
which distinguishable microstructures are perceived. The unmodified film shows a smooth 
and continuous network of TiO2 particles, similar to what is observed in its surface feature. 
On the other hand, 10PEG200-TiO2 also displays a bulk microstructure that reflects its 
superficial profile, showing that TiO2 aggregates are formed by distinctive individual TiO2 
particles producing a rough texture. 
 
Figure 5- 8. TEM images and EDX analysis of unmodified TiO2 and 10PEG200-TiO2 films. Signals of C and Cu 
were originated from the use of carbon-coated copper grids during analysis. 
Furthermore, PEG additives were also found to be influential towards the resultant film 
thickness. The extent to which PEG affects the film thickness seemingly depends upon the 
molecular weight as illustrated in Figure 5-9(a) – (f). At the same number of deposition 
layers, the presence of additional removable elements (PEG in this case) in the sprayed 
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Figure 5- 10. XRD patterns of the prepared TiO2 films with respect to the use of PEG with various molecular 
weight at a constant weight concentration of 10 g/L (a); and the correlation between PEG molecular weight 
and the relative peak intensity at 25.3o assigned for (101) anatase plane (b) 
Ultimately, PEC assessments of these films in driving water splitting reactions were 
conducted. PEC results are presented in Figure 5-11(a), from which several key findings can 
be derived. Firstly, the anodic onset potentials of all films were close to each other at ca. -
0.7 V vs HgO|Hg, which agrees well with those reported for the use of TiO2-based 
photoanodes [116, 222, 223]. Secondly, the magnitude of PEC output somewhat followed 
the estimated statistic parameters of the film surface (Table 5-1), implying that the PEC 
water splitting process was surface-sensitive. Unmodified TiO2 and 10PEG1000-TiO2 films 
exhibited similar PEC responses, which was not unexpected considering the absence of small 
features on both surfaces. A modest improvement was demonstrated in the use of 
10PEG600-TiO2 because TiO2 aggregates had undergone a slight morphological modification, 
albeit the small features were yet to be developed. Only when PEG molecular weight was 
relatively small (200 – 400 g/mol), did the PEC activity remarkably escalate. This was 
ascribed to the increase in surface roughness and effective area as results of formation of 
nano-sized features on the surface of aggregates. It should also be noted that 10PEG200-
TiO2 and 10PEG300-TiO2 offered similar PEC output as they shared a common superficial 
feature. Being the best photoanode film in the series, 10PEG400-TiO2 had an advantage of 
less and vague aggregate boundaries, in addition to the established small features. 
Boundaries are generally known as centres for surface defects that hinder the transfer of 
charge carriers and promote their recombination[224]. Therefore, abatement of these 
(a) 
(b) 
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to some extent, as indicated by the fact that photocurrent still responds to the applied bias. 
On the other hand, when rough-surface films were used, rises of photocurrents were 
noticeable only in the vicinity of the corresponding onset potential with plateaux occurring 
at high potentials. This latter phenomenon is commonly found in the case of nanostructured 
TiO2 photoanodes [227], which indicates that the intensity of photocurrent is limited by the 
generation of photo-carriers because the bulk and surface recombination have been 
effectively suppressed. 
The significance of the surface roughness and nano-sized features on the interfacial kinetics 
of the films was further confirmed by performing electrical impedance spectroscopy (EIS) 
measurements. These were carried out under broad-spectrum illumination at a potential of -
0.7 V vs HgO|Hg. Equivalent-circuit approaches have been applied by many authors to 
interpret EIS data from photoelectrochemical water splitting systems, and various resistor-
capacitor arrangements have also been proposed [228-230]. In this study, a RC equivalent 
circuit depicted in Figure 5-14 was adopted to fit the experimental data. The chosen circuit, 
which has also been invoked by many authors working in TiO2-based PEC systems[231-235], 
consists of one series resistance and two RC time constants that represent the 
recombination and accumulation of charge carriers in the two double-layers.  
Accordingly, three resistive parameters are introduced, namely   ,     , and    .    
represents the electrical resistance across the cell configuration, including electrical 
connections, charge transfer at the counter electrode, and, especially, ionic resistance of the 
electrolyte. Furthermore,      is resistance of the space-charge layer, reflecting the rate of 
charge recombination within the interior of the electrode. Lastly, the interfacial charge 
transfer resistance across Helmholtz double layer is denoted by    , which represents the 
rate of surface recombination disrupting the hole-driven water oxidation process.  
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The aforementioned observation shows that the effectiveness of carrier transfer was much 
related to the surface morphology, as demonstrated in Figure 5-17(a), which correlates the 
interfacial charge transfer resistance and surface roughness. In this case, the molecular 
weight of PEG templates seemingly affected the eventual charge transfer feature of the 
resultant films as depicted in Figure 5-17(b). However, this contention will be re-evaluated in 
Section 5.2.2 where the comparison between PEG with different molecular weight was done 
on the basis of constant molar concentration, instead of weight. Moreover, it is reasonable 
to expect the Helmholtz capacitance (  ) being proportional to the electrode surface area. 
Since the formation of Helmholtz double layer is very much related to the adsorption of ions 
from the electrolyte, it is expected to be dependent upon the number of adsorption sites on 
the electrode surface. This relationship is, in fact, reflected in Figures 5-17(c) and (d) which 
show proportionality between the estimated values of    and both     and     . 
 
Figure 5- 18. Illustration of hole collection pathways in the cases of smooth-surface and rough-surface films, as 
well as light distribution on these surfaces 
These results substantiate the suggestion that the surface roughening and formation of 
nano-sized features is able to not only extend the reaction sites but also enhance interfacial 
charge transfer properties, thus the PEC output. These corroborating findings were obtained 
via three independent, yet complementary, techniques: photo-voltammetry (steady-state 
electrochemistry), light-chopped chronoamperometry (transient electrochemistry), and 
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electrical impedance spectroscopy (frequency-response analysis). Attribution of PEC 
improvements to the formation of nano-sized features in the case of 10PEG200-TiO2, 
10PEG300-TiO2, and 10PEG400-TiO2 can be rationalised by considering illustrations in Figure 
5-18. Firstly, the betterment of surface kinetics upon surface roughening could be attributed 
to the increase in effective surface area, thus in active sites for interaction between 
hydroxide ions and holes. As a result, accumulation of holes and their recombination with 
electrons would be inhibited to some extent. Secondly, the presence of small features in 
rough-surface films enabled two simultaneous transfer mechanisms of surface carriers [27]. 
The larger features might allow development of space charge region, facilitating field-
assisted carrier migration while the smaller features might be field-free and the hole 
transport mechanism is dominated by diffusion [27]. Shorter hole collection pathways are 
plausible in this case as it is supported by the fact that the size range of small features is 
comparable to that of the hole diffusion length of TiO2[114, 223, 240]. These two transport 
modes were likely to work in synergy, hence improving the net rate of interfacial charge 
separation and transfer, which resulted in the acceleration of the overall kinetics of the 
anodic process. In addition, the incoming light might also be distributed more effectively via 
light scattering on a rough surface as opposed to that on a smooth one[10]. The presence of 
nano-sized features on the surface allow confinement of some portions of reflected 
photons, whereas a substantial loss of absorption would be expected from the use of 
smooth-surface films[10]. However, reliable experimental means have not been successfully 
devised to substantiate this conjecture; this may be a subject for future investigation. 
5.2.2. Effect of PEG molecular weight (constant molar concentration) 
Despite being a common practice in the relevant topics, fixing the weight concentration of 
PEG as a basis to investigate the significance of its molecular weight on resultant 
morphology could potentially mislead interpretation of the results because molar 
concentration also changes with molecular weight. Consequently, any observed effects 
could have been attributable to the molar concentration instead of molecular weight. In 
order to remove this ambiguity, PEG molecular weight was also varied at a fixed molar 
concentration of 50 mmol/L. The naming of samples investigated in this Section follows the 
same rule as that applied in Section 5.2.1. 
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Figure 5- 19. Top-view micrographs of unmodified TiO2 (a,g), 10PEG200-TiO2 (b,h), 15PEG300-TiO2 (c,i), 
20PEG400-TiO2 (d,j), 30PEG600-TiO2 (e,k), and 50PEG1000-TiO2 (f,l) 
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Figure 5- 20. SEM micrographs of 50PEG1000-TiO2 at high (a) and low (b) magnifications 
Surface morphology of the synthesised films is presented in Figures 5-19((a) – (l)), from 
which several key characteristics can be deduced. First of all, small features were formed in 
all cases, although in the case of 30PEG600-TiO2 (Figures 5-19(e),(k)), the size was slightly 
larger than that observed in other samples. While 10PEG200-TiO2 (Figures 5-19(b),(h)), 
15PEG300-TiO2 (Figure 5-19(c),(i)), and 20PEG400-TiO2 (Figures 5-19(d),(j)) shared similar 
small features, a somewhat nanoporous structure was seen in the case of 50PEG1000-TiO2 
(Figures 5-19(f) and 5-20(a)). Nonetheless, the pore size was considered to be insignificant 
(below 5 nm). Larger porous structures were indeed expected when PEG with higher 
molecular weight is used. However, in alcohol(or water)-supported solutions, chemical 
compatibility and solubility of PEG decreases significantly with molecular weight [213, 241]. 
Furthermore, SEM images also showed that inter-aggregate boundaries became less defined 
with increasing molecular weight of PEG. In fact, when PEG-1000 was used as an additive, 
these boundaries can only be detected, yet vaguely, when coverage area of the micrograph 
is sufficiently wide (Figure 5-20(b)). Surface statistic analysis was also performed using 
Gwyddion software, the results of which are provided in Table 5-4, revealing comparable 
values of      and    , as well as similar profiles of topographical roughness. 
  
(a) (b) 
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Table 5- 4. Estimated surface statistic parameters of TiO2 films, modified by PEG with various molecular weight 
at a constant molar concentration (50 mmol/L) 
Film samples     *     Roughness topographical profiles** 
Unmodified TiO₂ (0.8 ± 0.0) nm 23% 
 
10PEG200-TiO₂ (2.4 ± 0.3) nm 170% 
 
15PEG300-TiO₂ (2.7 ± 0.2) nm 140% 
 
20PEG400-TiO₂ (2.5 ± 0.2) nm 149% 
 
30PEG600-TiO₂ (2.0 ± 0.1) nm 127% 
 
50PEG1000-TiO₂ (2.2 ± 0.2) nm 111% 
 
* The presented values are average estimates, generated from 40 parallel horizontal probing lines along the y-axis of SEM images 
*The profiles are estimates of peak-to-valley gaps with respect to the wavy texture of smooth FTO-templated surface as background. The presented 
plots are those which give the average value of Rrms. The micrographs are by the size of 1 µm x 1 µm. 
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The manner in which PEG tailored the final morphology of TiO2 films was proposed, and is 
illustrative in Figure 5-21. The disparity in thermal requirements between the evaporation of 
ethanol, hydrolysis of TTIP-AcAc complex, decomposition of PEG, and sintering of TiO2 
enabled subsequent events which moulded the surface and bulk structures. The formation 
of smooth-surface films is represented by processes denoted as A1 – A3 in Figure 5-21, 
which can be explained as follows: 
 A1: The ethanol-supported precursor solution, containing only TTIP-AcAc complex (PEG-
free), is atomised into droplets and sprayed onto FTO substrate. 
 A2: Ethanol is evaporated and TiO2 seeds are formed as a result of rapid hydrolysis of 
TTIP-AcAc complex in a relatively humid environment. Due to effective contact with FTO 
surface, the aggregations of these seeds are directed by the structure of FTO. 
 A3: Sintering of TiO2 seeds occurs as a result of decrease in surface free energy from the 
replacement of solid-vapour interfaces. Due to extremely close proximity between 
adjacent TiO2 seeds, they freely make direct contact with each other and the sintering 
process produces a dense particle network. It follows that a certain degree of TiO2 
crystallisation is expected to develop, and the final morphology obtained from the PEG-
free solution displays smooth-surface aggregates (as a result of continuous sintering 
between seeds) with clear domain boundaries (as a result of unrestricted FTO-driven 
arrangements of seeds). 
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Figure 5- 21. Illustration of morphology development of smooth- and rough-surface TiO2 films. Notations of A1 
– A3 and B1 – B3 are explained in the text. 
On the other hand, the formation of rough-surface TiO2 films can also be made plausible by 
considering the processes denoted as B1 – B3 in Figure 5-21, which can be explained as 
follows: 
 B1: The precursor solution, containing TTIP-AcAc complex and polymeric PEG chains, is 
atomised into droplets and sprayed onto FTO substrate. 
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 B2: Ethanol is evaporated, and TiO2 seeds are also formed. In this case, the hydrolysis 
and precipitation are expected to occur at significantly lower rates than those in the case 
of PEG-free solution because the presence of dangling polymeric chains build a barrier 
against mass transfer. In addition, it was reported that adsorptivity of PEG on TiO2 in a 
poor solvent (such as ethanol) is more effective than that in water because PEG 
dissolution is thermodynamically unfavourable in the former [241, 242]. This adsorption 
capacity of PEG on TiO2 surface is even more effective in the case of longer polymeric 
chains (higher molecular weight). When the non-ionic PEG molecules are adsorbed on 
TiO2, displacement of certain counter-ions of surface charge takes place, 
notwithstanding the charge and surface potential themselves being intact [243]. Since 
this process is purely physical, longer polymeric chains are expected to form PEG layer 
more effectively on TiO2 seeds [243]. Interaction between TiO2 seeds is also impeded by 
steric hindrance that is induced by polymeric chains attached on these seeds, so that 
continuous sintering is suppressed. The extent to which FTO directs aggregations of 
these seeds also becomes less in this case because polymeric chains prevent TiO2 seeds 
from directly interacting with FTO. This effect is expected to be more pronounced in the 
use of longer polymeric chains due to increase in steric hindrance[102]. This suggests a 
rationale behind the observation displayed in Figure 5-19 which shows that aggregate 
boundaries progressively blur by increasing PEG molecular weight. 
 B3: The final morphology of PEG-modified TiO2 films is determined by the competition 
between polycondensation of the titanium precursor and phase separation of individual 
TiO2 oligomers [213, 244]. Due to the segregation between TiO2 seeds driven by PEG, 
grain growth takes place separately. Only after the thermal conditions are met to 
remove PEG from the system, do TiO2 grains interact with each other to form a film 
network. However, coalescing of these grains occurs after the crystal growth have 
developed to a certain degree, so, instead of a dense and smooth feature, rough surface 
is obtained. Similar mechanisms were also proposed in the synthesis of nanocrystalline 
powders via micro-emulsion [245] and hydrothermal [74] methods.  
Figure 5-22 depicts the thickness of TiO2 films prepared with the same molar concentration 
of PEG. Similar to results in Figure 5-9, film thickness decreased as a consequence of PEG 
addition. However, in this case, all PEG-assisted films offered similar thickness regardless of 
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PEG molecular weight, in opposition to the results obtained in Figure 5-9. It is thus 
concluded that, instead of molecular weight (as seemingly perceived in Section 5.2.1), the 
molar content of PEG was the relevant parameter affecting film thickness. 
 
Figure 5- 22. Cross-sectional SEM images of 15PEG300-TiO2 (a), 20PEG400-TiO2 (b), 30PEG600-TiO2 (c), and 
50PEG1000-TiO2 (d); correlation between PEG molecular weight and the film thickness (e). The cross-sectional 
micrographs of unmodified TiO2 and 10PEG200-TiO2 are presented in Figure 5-2(d) and Figure 5-9(b), 
respectively. 
Figure 5-23(a) depicts crystallographic properties of the prepared films, represented by the 
(101) characteristic peak at 2θ of ca. 25.3o. In general, the (101) anatase crystallite peak was 
broaden in all PEG-modified cases, implying smaller crystallite size as compared to that of 
the control film, and this effect was more pronounced in the use of low molecular weight 
(200 – 400 g/mol) as described in Figure 5-23(b). Variation in the respective peak intensity 
could not be attributed to the film thickness, in opposition to those inferred from 
interpretations of previous data. In this case, crystallite density increased with PEG 
molecular weight, most likely due to inhibition of the formation of inter-aggregate 
boundaries, which are known to be amorphous regions (crystal defect sites) of thin films 
[221]. 
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Figure 5- 23. XRD patterns of the prepared TiO2 films with respect to the use of PEG with various molecular 
weight at a constant molar concentration of 50 mmol/L (a); and the correlation between PEG molecular weight 
and the relative peak intensity at 25.3o assigned for (101) anatase plane (b) 
 
Figure 5- 24. Linear sweep voltammograms (sweep rate of 10 mV/s for 1 mol/L NaOH electrolyte) of the 
synthesised TiO2 photoanode films under illumination of 120 W/m2 white light from Xe lamp (a), 
photoconversion efficiency as a function of applied bias (b), correlation between PEG molecular weight and 
maximum photoconversion efficiency (c), photocurrent spectra at 0 V vs HgO (d) 
(a) 
(b) 
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Linear sweep voltammograms and the corresponding photoconversion efficiency suggest 
that, when a constant molar concentration was applied as an experimental basis, PEG 
molecular weight exhibit no significant difference in PEC activities (Figure 5-24(a-c)), 
although small variation is still observed particularly in the use of 15PEG300-TiO2 and 
30PEG600-TiO2. While 10PEG200-TiO2, 10PEG400-TiO2, and 10PEG1000-TiO2 offer similar 
photoconversion efficiency of 1.14%, 1.10% and 1.06%, respectively, 10PEG300-TiO2 and 
30PEG600TiO2 gave values of 0.89% and 0.91%, respectively. Slight variations in the two 
latter cases may be due to lower film thickness (10PEG300-TiO2) and larger size of small 
features (10PEG600-TiO2). Furthermore, for all PEG-modified films, photocurrent spectra 
show similar photocurrent-onset wavelength at ca. 390 nm, as well as comparable 
photocurrent peaks at around 330-340 nm.  
 
Figure 5- 25. Chopped-light chronoamperometric plots (under illumination of 120 W/m2 white light from Xe 
lamp) at different potentials along with the respective film morphology: unmodified TiO2 (a), 10PEG200-TiO2 
(b), 15PEG300-TiO2 (c), 20PEG400-TiO2 (d), 30PEG600-TiO2 (e), 50PEG1000-TiO2 (f). The potential was discretely 
scanned from -0.7 V vs HgO|Hg to 0.8 V vs HgO|Hg with a potential increment of 0.1 V and illumination time of 
15 s. 
Light-chopped chronoamperometric plots also imply similar behaviour of interfacial kinetics 
of PEG-modified photoanode films (Figure 5-25). The PEC system recorded that 
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photocurrent decay was detected only within the early stage of anodic scans in all PEG-
modified cases, as opposed to the use of unmodified TiO2 film which suffered from severe 
decay at all potentials of interest. It is worth noting that, in the case of 50PEG1000-TiO2 
(Figure 5-25(f)), shoulder-like shapes were observed during the early illumination region of 
    plot, indicating exceptionally fast interfacial charge transfer, which might be credited 
to the significant shrinkage of boundaries of aggregates, as they are known to be active sites 
for recombination of excitons. Above PEC results further corroborate findings in Section 
5.2.1, suggesting that the presence of small features on the film surface was crucial to 
obtain an excellent performance of PEC H2 production. 
 
Figure 5- 26. Bode phase plots of unmodified TiO2 (a), 10PEG200-TiO2 (b), 15PEG300-TiO2 (c), 20PEG400-TiO2 
(d), 30PEG600-TiO2 (e), 50PEG1000-TiO2 (f). Data were obtained at -0.7 V vs HgO|Hg under illumination of 120 
W/m2 white light from Xe lamp. 
EIS measurements were also conducted to further examine the charge transfer behaviour of 
the studied photoanode films. As previously addressed, Bode phase spectra (Figures 2-26 (a) 
– (f)) were used to justify an appropriate circuit model for the individual samples. It was 
revealed that the equivalent circuit consisting of one RC time constant was adequate to 
offer good fittings for all samples, except for the case of 50PEG1000-TiO2 which clearly 
showed two maxima of phase angles, indicating the significance of time constants in both 
space-charge and Helmholtz double layers. 
(a) (b) (c) 
(d) (e) (f) 
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Figure 5- 27. Nyquist (a) and Bode impedance plots (b) of the prepared TiO2 films modified by 50 mM PEG. 
Data were obtained at -0.7 V vs HgO|Hg under illumination of 120 W/m2 white light from Xe lamp. 
 
Figure 5- 28. Interfacial charge transfer resistance of the prepared photoanode films as a function of PEG 
molecular weight (for the same molar concentration of 50 mmol/L) (a) and surface roughness (b). Data were 
measured at -0.7 V vs HgO|Hg under illumination of 120 W/m2 white light from Xe lamp.  
The generated Nyquist and Bode impedance plots operated under white light illumination 
are depicted in Figures 5-27(a) and (b). In contrast to what was perceived in the case of 
constant weight concentration of PEG, the variation in PEG molecular weight at a fixed 
molar concentration did not inspire significant differences either in the radii of Nyquist 
semicircles (Figure 5-27(a)) or on the Bode spectral impedance (Figure 5-27(b)). However, it 
should be emphasised that the resultant     values of PEG-modified films are indeed 
remarkably lower (in the range of 3 – 4.5 kΩ) than that which is extracted from the use of 
the control film (ca. 18.8 kΩ) as depicted in Figures 5-28(a) and (b). 
Ultimately, this Section confirms that, when the molar concentration of PEG was held 
constant, its molecular weight did not seem to significantly influence the thickness and small 
(a) 
(b) 
(a) (b) 
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features of TiO2 films, nor was appreciable variation in PEC properties achieved. It is thus 
reasonable to believe that the differences in the texture of film surfaces as well as their 
corresponding PEC activities which are reported in Section 5.2.1 were actually due to 
variation in PEG molar concentration which was somewhat omitted because the 
experiments were based on a fixed weight concentration. Therefore, for films prepared via 
spray pyrolysis, the effect of PEG molecular weight as a morphology modifier would be more 
valid if carried out on a molar basis rather than on a weight basis, even though the latter is a 
common practice when using PEG as a morphological template for films prepared by sol gel 
or other methods[102, 213, 214, 241, 244, 246]. However, these conclusions are verifiable 
only within the range of PEG molecular weight applied in this study (200 – 1000 g/mol). 
These values are relatively lower than those used in similar studies exploiting sol gel 
processes (up to 35000 g/mol) [100, 102, 104, 246]. Restriction on using higher molecular 
weight in this work comes from the fact that solubility of PEG in ethanol-based solutions 
decreases drastically upon increasing its molecular weight, not to mention that ethanol is a 
poor solvent for PEG in the first place. 
5.2.3. Effect of PEG content (constant molecular weight)[247]10 
The importance of PEG content on the properties of spray-pyrolysed films and their PEC 
responses is reported in this section. PEG with molecular weight of 200 g/mol was 
introduced into precursor solutions at various concentrations ranging from 5 g/L (25 
mmol/L) to 40 g/L (200 mmol/L). The naming of these samples follows the same rule as 
applied in the previous two sections.  
Figures 5-29 (a – l) compare top-view micrographs of prepared films at high and low 
magnifications. Introduction of as small as 5 g/L of PEG-200 led to major coarsening and 
generation of small features that were homogenously distributed across the surface of 
coalesced TiO2 grains. Upon increasing PEG content to 10 g/L, no prominent alteration was 
obtained. This visual observation in surface roughness was exemplified by the significant 
increase in estimated values of      and     as compared to those of the unmodified film 
                                                     
10 A version of Section 5.2.3 has been published in ACS Applied Materials & Interfaces 
(http://pubs.acs.org/doi/abs/10.1021/acsami.5b00853) 
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(Table 5-5). Further increasing PEG content in the precursor solution led the small features 
to be more prominent and distinctive, yet unevenly distributed. Due to the formation of 
these nano-sized humps, the      values of 20PEG200-TiO2, 30PEG200-TiO2, and 40PEG200-
TiO2 remained somewhat comparable to their PEG-modified counterparts, although the 
margins of error were relatively high (Table 5-5). On the other hand, excessive PEG content 
decreased the estimated     values of 20PEG200-TiO2 and 30PEG200-TiO2 as a result of poor 
distribution of small features. However, it should be noted that, in the case of 40PEG200-
TiO2, the     value was slightly higher than those of 20PEG200-TiO2 and 30PEG200-TiO2. 
Since 40PEG200-TiO2 inherited FTO superstructure to a larger extent (Figure 5-29(l)), a 
portion of surface area loss due to excessive PEG content was compensated by the original 
rough morphology of FTO. 
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Figure 5- 29. Top-view micrographs of unmodified TiO2 (a,g), 5PEG200-TiO2 (b,h), 10PEG200-TiO2 (c,i), 
20PEG200-TiO2 (d,j), 30PEG200-TiO2 (e,k), and 40PEG200-TiO2 (f,l) 
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Table 5- 5. Estimated surface statistic parameters of TiO2 films, modified by PEG with molecular weight of 200 
g/mol at various concentrations 
Film samples     *     Roughness topographical profiles** 
Unmodified TiO₂ (0.8 ± 0.0) nm 23% 
 
5PEG200-TiO2 (2.6 ± 0.2) nm 179% 
 
10PEG200-TiO₂ (2.4 ± 0.3) nm 170% 
 
20PEG200-TiO₂ (2.1 ± 0.6) nm 67% 
 
30PEG200-TiO₂ (2.6 ± 0.9) nm 50% 
 
40PEG200-TiO₂ (3.1 ± 0.9) nm 103% 
 
* The presented values are average estimates, generated from 40 parallel horizontal probing lines along the y-axis of SEM images 
**The profiles are estimates of peak-to-valley gaps with respect to the wavy texture of smooth FTO-templated surface as a baseline. The 
presented plots are those which give the average value of Rrms. The micrographs are by the size of 1 µm x 1 µm. 
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Figure 5- 30. Cross-sectional SEM images of 5PEG200-TiO2 (a), 10PEG200-TiO2 (b), 20PEG200-TiO2 (c), 30PEG200-
TiO2 (d), and 40PEG200-TiO2 (e) along with the correlation between PEG content and the film thickness (f). The 
cross-sectional micrograph of unmodified TiO2 film was presented in Figure 5-2(d). 
 
Figure 5- 31. Resultant thickness of all films produced in this study as a function of molar concentration of PEG. 
The solid plot indicates prediction based on a simple calculation of material balance and the dotted plot 
indicates the experimental observations 
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The thickness of the films was evaluated by cross-sectional SEM imaging (Figures 5-30(a) – 
(e)). It is illustrative in Figure 5-30(f) that the concentration of PEG had a formidable 
influence on the film thickness, in spite of the same deposition layers. As mentioned before, 
the presence of PEG increases the portion of removable elements in the droplets. Since the 
volumetric spraying rate is held constant during all experiments, the mole fraction of TTIP in 
the droplet decreased with increasing PEG content, resulting in thinner films. Furthermore, 
Figure 5-31 depicted the observed resultant thickness of all films studied in this work as a 
function of PEG molar concentration (disregarding the marginal effect of PEG molecular 
weight, if any), compared to the expected film thickness that was based on the material 
balance calculated for an assumption of constant deposition efficiency. A rather large 
disparity between the observed and predicted data suggests that the deposition efficiency 
was actually affected by the presence of PEG in the solution. Initially, it was speculated that 
this finding could be ascribed to viscosity-related effects which might induce alterations in 
spraying parameters (e.g. droplet size and its distribution). Yet, the viscosity of precursor 
solutions was found to be hardly affected by the addition of PEG (Appendix A.6), so the 
nature of this observation is still yet to be identified.  
 
Figure 5- 32. XRD patterns of the prepared TiO2 films with respect to the use of PEG with molecular weight of 
200 g/mol for various PEG content 
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Figure 5-32 depicts XRD patterns of the prepared film samples. The peak signal at 25.3o, 
assigned for (1 0 1) anatase plane, was strongly affected by PEG content. Significant 
decrease in crystallite density upon PEG introduction, even at a small amount (5 g/L), is 
observed in this study. In fact, when PEG content is exceedingly high, the peak intensity was 
so low that it is superimposed by the background. This observation could again be attributed 
to the film thickness, as repeatedly found throughout this work. In addition, in the excess of 
PEG content, a large portion of heat might be consumed to decompose PEG during 
deposition and/or calcination. As a result, crystallisation of the films was compromised to 
some extent hence disadvantaging the resultant crystallite density. 
 
Figure 5- 33. Spectral absorbance of the unmodified and PEG-modified TiO2 films (a) with its dependant on film 
thickness, as a result of different PEG content, at various photon wavelengths (inset); estimation of band gap 
values (b) 
Figure 5-33 depicts the UV-vis absorbance spectra of the prepared samples. The optical 
absorbance was probed at several surface points on each film and reveals essentially 
identical spectra, indicating good uniformity of these films. The absolute absorbance of the 
films decreases with the increase in PEG concentration, which could be directly correlated to 
the film thickness (Figure 5-33(a)). Tauc plots of the prepared samples (Figure 5-33(b)) reveal 
the effects of PEG content on the optical band gap of corresponding films. The unmodified 
TiO2 sample possessed a band gap value of 3.19 eV. The band gap progressively increased to 
3.20 eV, 3.20 eV, 3.25 eV, 3.28 eV, and 3.30 eV upon introducing PEG-200 in the amounts of 
5 g/L, 10 g/L, 20 g/L, 30 g/L, and 40 g/L, respectively. This observations were speculated to 
be due to surface coarsening which might lead to scattering of photons on a rough 
surface[248]. A conjectural argument might also be based upon the significant shrinkage of 
TiO2 crystallite size, as indicated by the significant narrowing (or disappearance) of XRD 
(a) 
(b) 
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Linear sweep voltammograms and bias-dependent photoconversion efficiency of the 
prepared films are presented in Figures 5-34 (a) and (b), respectively. Excellent PEC 
responses were obtained when 5PEG200-TiO2 and 10PEG200-TiO2 photoanodes were 
employed, offering maximum photoconversion efficiency of 1.20% and 1.14%, respectively. 
It is worth mentioning that the photoactivity of 5PEG200-TiO2 was comparable to that of 
10PEG400-TiO2 (ca. 1.23%) which was modified by the same molar concentration of PEG, 
but with different molecular weight. This finding further corroborates the conclusions in 
Section 5.2.2 that molecular weight, within the range applied in this study, has a very weak 
or no effect on PEC responses. Sharp increases in PEC efficiency upon introducing 5 g/L and 
10 g/L of PEG-200 were followed by deterioration of PEC performance as PEG content 
increases (Figure 5-34(c)). The same trend was also found in photocurrent spectra (Figure 5-
34(d)), which also shows that the cut-off wavelengths correspond well with the respective 
band gap of the films. Furthermore, effective interfacial kinetics of photocharge carriers 
were reflected in light-chopped chronoamperometric measurements depicted in Figure 5-
35. All PEG-modified films displayed flattened photocurrent transient plots when decent 
overpotential regions (applied potential > –0.3 V vs HgO|Hg) were reached. This indicates 
that small features are crucial in maintaining effective interfacial transfer of photocharge 
carriers.  
151 
 
 
Figure 5- 35. Chopped-light chronoamperometric plots (under illumination of 120 W/m2 white light from Xe 
lamp) at different potentials along with the respective film morphology: unmodified TiO2 (a), 5PEG200-TiO2 (b), 
10PEG200-TiO2 (c), 20PEG200-TiO2 (d), 30PEG200-TiO2 (e), 40PEG200-TiO2 (f). The potential was discretely 
scanned from -0.7 V vs HgO|Hg to 0.8 V vs HgO|Hg with a potential increment of 0.1 V and illumination time of 
15 s. 
 
Figure 5- 36. Bode phase plots of unmodified TiO2 (a), 5PEG200-TiO2 (b), 10PEG200-TiO2 (c), 20PEG200-TiO2 (d), 
30PEG200-TiO2 (e), 40PEG200-TiO2 (f). Data were obtained at -0.7 V vs HgO|Hg under illumination of 120 
W/m2 white light from Xe lamp. 
(a) (b) (c) 
(d) (e) (f) 
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Figure 5- 37. Nyquist (a) and Bode impedance plots (b) of the prepared TiO2 films modified by PEG-200 for 
different concentrations. Data were obtained at -0.7 V vs HgO|Hg under illumination of 120 W/m2 white light 
from Xe lamp. 
A quantitative analysis on the charge transfer behaviour of the studied photoanode films 
was carried out by means of EIS measurements. As a routine, Bode phase spectra (Figures 5-
36(a) – (f)) were used to justify the appropriate model for each films and it revealed that all 
samples can be modelled by a single-time-constant equivalent circuit, except for the case of 
5PEG200-TiO2. Good fittings were obtained in all cases, ensuring the confidence of extracted 
parameters to be analysed. In general, the radii of Nyquist semicircles in Figure 5-37(a) 
exhibit proportionality with the concentration of PEG templates, as also reflected in the 
spectral Bode impedance (Figure 5-36(b)) within the low-frequency range.     values were 
extracted from data fitting, and are provided in Figure 5-38. It required as small as 5 – 10 g/L 
of PEG-200 for optimal morphology augmentation, which resulted in     values of around 3 
kΩ at -0.7 V vs HgO|Hg. This is indicative of more efficient photocarrier transfer as 
compared to the control film (    = 18.8 kΩ). Increasing the PEG content led to slower 
charge transfer;     values were obtained at 6.0 kΩ, 5.0 kΩ, and 7.6 kΩ for 20PEG200-TiO2, 
30PEG200-TiO2, and 40PEG200-TiO2, respectively. However, it is important to note that, 
even in the case where PEG content is excessive, photo-kinetics of the corresponding films is 
still better than that of the unmodified TiO2 film. These findings are consistent with the PEC 
output previously discussed. 
(a) 
(b) 
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Figure 5- 38. Interfacial charge transfer resistance of the prepared photoanode films as a function of PEG 
concentrations (for the same molecular weight of 200 g/mol). Data were measured at -0.7 V vs HgO|Hg under 
illumination of 120 W/m2 white light from Xe lamp. 
Several key points from previous characterisations can be explored to plausibly conceive the 
trend of PEC output in this investigation. Firstly, the superiority of 5PEG200-TiO2 and 10PEG-
TiO2 to their PEG-modified counterparts was attributable to their uniform surface roughness 
and dispersal of small features across the film surface (Figure 5-29), ensuring high and 
evenly distributed photo-kinetics. This could be easily noticed from the error margins of 
roughness      (Table 5-5) which give relatively low values as compared to the use of 
excessive amounts of PEG-200. Secondly, the trend of PEC performance was also attributed 
to effective surface area, i.e. available active sites for electrochemical interactions, as it 
generally agreed with the estimated values of     (Table 5-5). Thirdly, the film thickness 
might also be influential, as thicker films can absorb more photons than thinner ones for the 
same light intensity impinging the films. Provided that the thickness does not exceed the 
penetration depth of photons and the space charge layer, it is reasonable to expect the PEC 
performance being proportional to the film thickness. It is suggestive in Table 5-5 that the 
photon penetration depths of PEG-modified films in the UV region exceeded the film 
thickness. Therefore, photoexcitation is expected to occur within the whole film thickness. 
This inference is even more likely if the possible transitions between the valence band and 
the surface states situated below the conduction band were taken into account[251]. 
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Fourthly, the degree of crystallisation might also tentatively play a role because PEC output 
was somehow proportional to the peak intensity of (101) crystallite plane at 2θ of 25.3o. 
Amorphous regions were reported to be recombination centres thus preventing 
photogenerated electrons and holes from migrating to the electrochemically active 
sites[252, 253]. However, this suggestion is subject to uncertainty because the variation in 
peak intensity of XRD patterns (Figure 5-32) might not be related to the degree of 
crystallinity, rather to relative intensity as compared to that of FTO due to thickness 
variations. Lastly, it was previously revealed that increasing the PEG content leads to higher 
band gaps. As a result, the achievable thermodynamic photoconversion efficiency 
decreased[32], and the photoanodes were prevented from generating higher photocurrents, 
despite their improved surface roughness or effective area. These suggestions should clarify 
any potential confusion with regards to above findings, such as the fact that 40PEG200-TiO2 
gave the lowest photoanodic activity among PEG-assisted films, despite its estimated 
   value being higher than those of 20PEG200-TiO2 and 30PEG200-TiO2, and its      being 
the highest among all films. 
5.3. Summary on the effects of PEG on TiO2 film morphology and PEC responses 
Findings presented in Section 5.2 indicate that the effects of PEG in modifying the 
morphology of TiO2 films and augmenting their PEC properties were determined by its 
concentration in the precursor solution, while the molecular weight of PEG had very little or 
no influences on the formation of small features and the eventual PEC responses. Figure 5-
39 illustrates the photoconversion efficiency and charge-transfer resistance (at -0.7 V vs 
HgO|Hg) as functions of mol fraction of PEG relative to titanium precursor. Accordingly, the 
effects of PEG molar concentration on PEC performance can be described by three 
characteristic regions represented by regions I, II, and III in Figure 5-39. In region I, PEG 
content is so low that small features are still yet to be established, and the surface of the 
films are relatively smooth, resulting in low effective surface area and relatively poor PEC 
activities. Region II can be characterised as a critical domain of PEG content, in which small 
features are optimally developed and uniformly grown across the film surface. Effective 
surface area is improved significantly, leading to excellent PEC output. Small variations in 
photoconversion efficiency are still acknowledged as results of slight variation in film 
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thickness, size of small features, and/or visibility of boundaries between adjacent domains 
of coalesced grains. Lastly, Region III is recognisable by the larger, more prominent, and 
unevenly distributed small features. Effective surface area is generally not high enough and 
film thickness decreases tremendously, thereby deteriorating PEC efficiency.  
 
Figure 5- 39. Summarised effects of PEG molar content on photoconversion efficiency and interfacial charge 
transfer resistance (at -0.7 V vs HgO|Hg) of TiO2 films according to their morphological characteristics. 
The maximum bias-dependent photoconversion efficiency and charge-transfer resistance (at 
-0.7 V vs HgO|Hg) as functions of surface roughness are compiled in Figures 5-40(a) and (b), 
respectively, which further emphasise the fundamental importance of surface morphology 
on PEC responses. It was found that, when effective surface area is taken into account, the 
effect of roughness lost its significance on the photoconversion efficiency (Figure 5-40(a)). 
This highlights the importance of quoting effective surface area of photoanode films in the 
field of PEC water splitting, at least in a relative sense, in order to avoid ambiguity in 
interpreting the results. Furthermore, some data points in Figures 5-40 (a) and (b) deviate 
considerably from the general trend. As pointed out, these belonged to films with excessive 
(a) (b) 
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Table 5- 7. Selected reports on TiO2-based photoelectrochemical water splitting with their respective ABPE 
values 
Photoanodes Preparation method Electrolyte ABPE 
Rough-surface TiO₂ films 
PEG-templated spray 
pyrolysis 
1 M NaOH 1.23% (This work) 
Cross-linked TiO₂ nanowires Ethylene glycol-mediated 1 M NaOH 1.05%[114] 
Reduced TiO₂ nanotube 
arrays 
Anodisation, NaBH4 
treatment 
1 M NaOH 1.31%[254] 
TiO₂ nanospider films PEG-templated 0.1 M NaOH 0.23%[57] 
TiO₂ nanorod arrays Oblique-angle deposition 0.5 M NaClO4 0.10%[55] 
UV-vis TiO₂ double layer RF-Magnetron Sputtering 0.25 M K2SO4 0.17%[255] 
TiO₂ nanotube arrays 
Anodisation, flame-
annealing 
1 M KOH 1.20%[256] 
3D hierarchical TiO₂ 
nanostructured arrays 
Hydrothermal on seeded 
FTO 
1 M KOH 1.13%[222] 
Hydrogen-treated TiO₂ 
nanowire arrays 
Hydrothermal and H2-
annealing 
1 M NaOH 1.63%[183] 
TiO₂ nanoporous arrays Anodisation 1 M KOH 0.28%[106] 
Sn/TiO₂ nanorods Hydrothermal 1 M KOH 0.69%[257] 
Au-SPR-enhanced TiO₂ films template-assisted sol–gel 1 M KOH 0.71%[258] 
TiO₂ nanotube arrays Anodisation 
0.5 M NaClO4, 
0.5 M HClO4 
and 1 M NaOH 
0.27%[259] 
Sn-doped TiO₂ nanowire 
arrays 
Hydrothermal 1 M KOH 1.20%[260] 
Hierarchical TiO₂ nanotube 
arrays 
Two-step anodisation 1 M KOH 0.84%[223] 
N-doped double-wall TiO₂ 
nanotube array 
Two-step anodisation 1 M KOH 1.26%[261] 
Branched TiO2 nanorods Hydrothermal 1 M KOH 0.49%[116] 
 
Table 5-5 collates a list of selected reports on TiO2-based PEC water splitting and their 
corresponding ABPE under broad-spectrum illumination. It is clear that the PEC performance 
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of films produced in this study is comparable to those of other notable TiO2-based films. One 
should note that ABPE is by no means decisive to claim superiority of a particular 
photoanode against others. While the proper benchmark should be performed on the basis 
of solar-to-hydrogen (STH) efficiency[204], it involves zero-bias operation and/or accurate 
detection of evolved H2 gas in the cell, which is not a simple task in most PEC experimental 
setups. Nonetheless, since ABPE takes into account the effects of electrical bias and is 
normalised against the light power density, comparison between reported works can still be 
performed in a sensible manner, and ABPE remains a reliable diagnostic approach, upon 
which the development of photoanode materials is based. Yet, this comparison still needs to 
be taken with caution. In a few cases, efficiency appeared to be a function of light intensity 
such as that which was reported by van’t Spijker et al. in the use of La2CuO4 photocathodes, 
wherein photoconversion efficiency was ranging from 1% to 0.2% for light intensity from 45 
to 1650 W/m2[262]. 
5.4. Concluding remarks  
TiO2 films with tailored morphology can be synthesised via a facile and simple spray pyrolysis 
method in the presence of polyethylene glycol (PEG) in precursor solutions. Serving as a 
morphological template, PEG successfully improves the roughness and the effective surface 
area of photoanode films by generating small (nano-sized) features. The presence of PEG in 
the droplets of sprayed solutions is proposed to play an important role in controlling the 
polycondensation of titanium precursor and separating the growth of TiO2 seeds. The small 
features are crucial to improve the PEC water oxidation process by extending effective 
surface area and enhancing the rate of hole transfer as a result of shortened collection 
pathways.  
Investigating the effects of PEG molecular weight on the properties of spray pyrolysed films 
should be carried out at the same molar concentration rather than weight concentration. 
Otherwise, results can potentially lead to erroneous conclusions because molar 
concentration changes with molecular weight at a constant weight concentration, and it can 
be an underlying factor for the observed phenomena. Within the investigated range, 
molecular weight seems to have very weak or no influences on the small features and PEC 
results. While more noticeable effects may potentially be observed in the use of a wider 
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range of PEG molecular weight than that which is used in this work (200 – 1000 g/mol), 
experiments were restricted by the poor solubility of PEG in ethanol-based precursor 
solutions. On the other hand, PEG concentration has strong effects on the resultant 
morphology, film thickness, PEC output, and even optical band gap. The optimum PEG-
assisted TiO2 photoanode in this study is achieved when the content of PEG is sufficient to 
generate well-distributed small features across the film surface, and not so excessive that 
the film thickness greatly decreases and small features are poorly distributed. The best 
rough-surface film offered photoconversion efficiency of 1.23%, which is comparable to 
those of other notable reports with regards to titania-based PEC systems.  
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Chapter 6. TiO2-based 
Photoelectrochemical H2 Production: 
Effects of TiO2 Morphology and Addition 
of Economic Sacrificial Agents 
 
 
This chapter is a continuation of Chapter 5, further 
highlighting the importance of surface roughness of TiO2 
photoanodes and expanding its scope of applications in 
the presence of sacrificial agents. A comparative PEC 
study between rough-surface TiO2 (RS-TiO2) and smooth-
surface TiO2 (SS-TiO2) further confirms the importance of 
surface morphology, notwithstanding their similar film 
thickness, optical properties, and crystallinity. RS-TiO2 
excels in driving PEC measurements as compared to SS-
TiO2 both in the absence and in the presence of glycerol as 
a sacrificial agent. The extent to which glycerol addition 
terminates surface carrier recombination is remarkably 
larger when a rough-surface photoanode is employed. A 
series of sacrificial agents apart from glycerol are also 
subjects for investigation, based on which some of the 
most influential parameters of these compounds are 
suggested. 
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One of the most major concerns with regards to water splitting is its highly endergonic 
nature; total free energy of 1.23 eV is needed to split water. When overpotential is 
considered, the real energy requirement will be even higher. One possible option in 
response to this challenge is by coupling hydrogen photoproduction with alternative anodic 
reactions that are less energy demanding than oxidation of water. Since most organic 
wastes meet this requirement, these substrates are quite promising to replace water as 
targets for oxidation as anodic sacrificial agents. A PEC cell can then be integrated with a 
waste treatment unit resulting in high-yield H2 generation and, concurrently, removing 
wastes or utilising low-value chemicals. The effectiveness of a sacrificial agent to quench the 
photoanodic holes (or surface intermediates such as •OH or H2O2) is strongly influenced by 
its surface concentration. Consequently, increasing the effective surface area of 
photoanodes is of utmost technological importance[113]. From this line of reasoning, 
several TiO2 nanostructures have been assigned for PEC systems with scavengers [263, 264]. 
In this chapter, the PEG-modified films discussed in Chapter 5 are again used as 
photoanodes for PEC H2 production in the presence of sacrificial agents. 
6.1. Smooth-surface (SS-TiO2) vs rough-surface TiO2 (RS-TiO2) for the same film thickness 
6.1.1. Morphology 
The eminence of rough-surface (PEG-modified) TiO2 films has been tremendously 
expounded in Chapter 5. However, comparisons between smooth- and rough-surface 
photoanodes were not done for the same film thickness. Besides the observations in Figure 
5-5 which suggested slight variation of PEC responses for different film thickness, some 
authors found that film thickness had appreciable influences on the photoelectrolytic 
properties of TiO2[209, 221]. It was revealed from Chapter 5 that the addition of PEG into 
the precursor solution reduced the resultant film thickness. Therefore, in order to 
conducting fair benchmarks between the two topographical features and removing any 
ambiguity with regards to the significance of film surface roughening, the deposition layer 
was adjusted to produce films of the same thickness. The smooth-surface TiO2 film (denoted 
as SS-TiO2) in this study was obtained from a PEG-free precursor solution deposited for 20 
layers, while the rough-surface TiO2 (RS-TiO2) film was prepared with the addition of 10 g/L 
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Figure 6- 3. UV-vis absorbance spectra of SS-TiO2 and RS-TiO2 with the associated Tauc plots (inset) 
6.3.4. Photoelectrochemical properties 
Voltammetric responses of SS-TiO2 and RS-TiO2 are illustrated in Figure 6-4(a), for operations 
under dark and illuminated conditions. The dark scan shows negligible anodic activities, 
while photoanodic currents are prominent for both cases. RS-TiO2 exhibits better PEC 
performance, revealing a saturating photocurrent of 68.8 µA at 0.8 V vs HgO|Hg, which 
doubles that achieved by the use of SS-TiO2 (34 µA). This observation confirms the surface-
sensitive nature of a PEC process, considering similarities in other properties between both 
films. 
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6.3. Photoelectrochemical H2 production with sacrificial agents 
6.3.1. Effect of glycerol as a sacrificial agent: SS-TiO2 vs RS-TiO2 
In order to further improve the output of the PEC cell using TiO2 films, glycerol was 
introduced into the NaOH electrolyte solution as an anodic sacrificial agent. As far as energy 
sustainability is concerned, glycerol is of interest for utilisation because of its excessive 
generation in biodiesel industry as a by-product (about 10% of total product); it is often 
regarded as waste.  
6.3.1.a. Effect of glycerol concentration on steady-state voltammograms 
Figures 6-8(a) and (b) represent the voltammograms of SS-TiO2 and RS-TiO2, respectively, in 
the presence of glycerol at various concentrations under white light illumination. With 
regards to the addition of glycerol, two characteristic features are noticeable from the     
plots. Firstly, the increase in glycerol content progressively shifted the photoanodic onsets 
towards more cathodic potentials. This implies that, when glycerol is present, the same PEC 
configuration requires less electrical energy to drive photoanodic charge transfer. This is 
most likely due to the fact that glycerol is thermodynamically more oxidisable than 
hydroxyde ions, and that photo-oxidation of glycerol is of higher kinetics as compared to 
that of hydroxide ions. Secondly, the limiting photocurrent monotonously increased with 
glycerol concentration. This was an indication of electron injection from glycerol to the 
conduction band of TiO2, which is advantageous because more electrons would drive H2 
evolution at the counter electrode for the same amount of photons impinging on the 
photoanode[268]. This phenomenon is referred to as a current-doubling effect. It is well 
documented that alcohols possessing α-hydrogen in its chemical structure are expected to 
act as current-doubling agents in PEC H₂ production systems [269]. Had the role of glycerol, 
in the present case, been solely to interrupt surface recombination of electron-hole pairs, 
the limiting current would have relatively unaltered and the effect of hole scavengers would 
only be seen in the close vicinity of the flat-band potential where band bending is 
insignificant. Such behaviour is common in hematite-based PEC cells containing H2O2 as a 
hole scavenger[266, 270]. The current doubling effect in this system will be discussed in 
more detail in Section 6.3.2.  
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found, particularly when a spin trapping reagent, such as 5,5-dimethyl-1-pyrroline-N-oxide, 
is assigned as an oxidation target[16, 34]. 
 
Figure 6- 9. Photoanodic hole transfer on TiO2 surface in the presence and in the absence of glycerol as a 
sacrificial agent (in the case of direct hole transfer) 
In the present system, a conjecture as to the nature of glycerol photooxidation at the 
photoanode could be tentatively based upon the morphology of the TiO2 photoanodes. In a 
physical sense, corrugated surface is expected to strengthen the adsorption of substrates. 
Therefore, glycerol shall be physically adsorbed more strongly on the surface of RS-TiO2 than 
on that of SS-TiO2, and the scenario of direct hole anchoring illustrated in Equation 6-14 
becomes plausible on the rough surface. On the other hand, indirect hole anchoring 
scenario exemplified in Equation 6-15 might be operable in the case of SS-TiO2 because 
glycerol is expected to be weakly adsorbed on a smooth surface. It is generally known that 
direct interaction between holes and the organic substrates can compete more efficiently 
with surface recombination than the indirect one, so the generated electron-hole pairs can 
be separated more promptly[41]. Devising an experimental mean to substantiate this 
conjecture may be a subject for future study. In any case, this may suggest one of the 
reasons for the striking difference between the two films in responding to glycerol addition 
into the PEC cell. Moreover, the course of hole scavenging will also be more efficient when 
the effective surface area is extended, leading to more actives sites for PEC redox reactions. 
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It is thus unsurprising to find the voltammetric behaviour of RS-TiO2 being more sensitive 
towards glycerol addition than that of SS-TiO2. Nevertheless, it is imperative to emphasise 
that, regardless of the nature of the surface hole consumption, the PEC cell still benefits 
from the presence of glycerol owing to the fact that its photooxidation is thermodynamically 
more favourable and offering greater affinity towards valence band holes as compared to 
oxygen evolution in a conventional water photoelectrolytic system (illustrated in Figure 6-9). 
6.3.1.b. Effect of glycerol concentration on transient photocurrent behaviour 
The surface carrier recombination and its passivation upon glycerol addition are further 
probed by transient photocurrent analysis. Figure 6-9 compares chronoamperometric plots 
of SS-TiO2 and RS-TiO2 films with white light perturbation. These measurements were 
conducted at a constant potential of -0.7 V vs HgO|Hg. This low potential is chosen in order 
to minimise the contribution of band bending in hindering surface carrier recombination, yet 
at the same time, the cell still give appreciable Faradaic currents to be examined. It is 
depicted in Figures 6-9(a) and (c) that RS-TiO2 gave better responses to glycerol addition 
than SS-TiO2. In the case of SS-TiO2, the steady-state photocurrent (i.e. the difference 
between the steady-state current in the dark and that under illumination) slowly increases 
with incremental glycerol concentration from 3.2 µA (without glycerol), reaching up to only 
13.7 µA when 0.375 M glycerol is introduced. On the other hand, RS-TiO2 generates as high 
as 70 µA photocurrent intensity for 0.375 M glycerol, exceptionally higher than that 
obtained in the glycerol-free system (ca. 16.3 µA). 
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concentration reaches 0.1 M. The additional photocurrents were observed to be similar 
regardless of the bias in the case of SS-TiO2, revealing limiting values of ca. 11 µA and 13 µA 
at -0.7 V vs HgO|Hg and 0.8 V vs HgO|Hg, respectively. In the use of RS-TiO2, this value 
saturated at nearly 50 µA when a low potential (-0.7 V vs HgO|Hg) was applied, and 
decreased to ca. 30 µA at a high potential (0.8 V vs HgO|Hg). This decrease is most likely 
caused by greater contributions of band bending to drive the separation and migration of 
photocharge carriers as the potential positively increases. Accordingly, two key features can 
be drawn from Figure 6-13. Firstly, the effect of glycerol on PEC output by RS-TiO2 preferred 
low applied potentials, giving opportunities for applications in an eco-friendly way[275]. 
Secondly, even when band bending is sufficiently high, the effect of glycerol on PEC output 
was still significant in the use of RS-TiO2, in contrast to that of SS-TiO2.  
 
Figure 6- 13. Additional photocurrent of both films with respect to glycerol addition and applied potentials 
It should be clarified that, while the Langmuirian behaviour of glycerol in this study is indeed 
consistent with the typical effect of initial substrate concentration in colloidal TiO2-based 
photocatalytic systems[14, 18, 276, 277], the obtained constants are not expected to inherit 
the physical meanings of Langmuir-Hinshelwood parameters that the colloidal systems hold. 
The concentration domain within which photocurrent saturation was attainable in the 
present system is about two orders of magnitude higher (in the order of 10-1 mol/L) than 
that observed in typical heterogeneous photocatalysis of organic mineralisation (in the order 
of 10-3 mol/L)[277]. Therefore, it is unlikely that the effect of initial concentration of glycerol 
would be associated with saturation of adsorption sites on TiO2 surface, considering its 
limited solid-liquid interfacial area. In addition, the absolute rates of surface reactions were 
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so low that the (calculated) time required to totally consume glycerol is essentially infinite 
(in the order of years), even in the case where RS-TiO2 is operated at high potential bias and 
100% Faradaic efficiency is assumed with only the first hole transfer of glycerol 
transformation driving the photoanodic process. Thus, the degree of glycerol conversion was 
negligible and the bulk concentration of glycerol would be essentially unchanged throughout 
the PEC operation. It is then concluded that the effect of initial glycerol concentration on the 
photocurrent intensity only adopts the mathematical expression of a Langmuir-Hinshelwood 
model, not reflecting the adsorptive features it carries. The effect of glycerol concentration 
in this case was speculated to be related to the mass transfer of glycerol in the electrolyte. 
Increasing the bulk concentration of glycerol gives rise to greater driving forces for diffusion 
of molecules, which in turn increases the steady-state molar flux of glycerol towards the 
electrode and, ultimately, the overall kinetics of the PEC process. 
6.3.2. Effect of types of sacrificial agents on PEC responses: alcohol series 
The reliability and flexibility of RS-TiO2 as a photoanode were further examined by 
introducing a variety of anodic sacrificial agents. In the present case, alcohols possessing 
different numbers of carbon atoms and hydroxyl groups were introduced, as enumerated in 
Section 4.3. The voltammetric plots of RS-TiO2 for such systems (under illumination) are 
presented in Figure 6-14(a). It was evident that, to various extents, all scavengers (except 2-
methyl-2-butanol) increased the limiting photocurrent of RS-TiO2 and cathodically shift the 
onset of photoanodic current. Furthermore, results of chronoamperometric measurements 
conducted under on-off illumination at different potentials, are depicted in Figure 6-14(b). 
The disparity in steady-state photocurrent between the PEC cell with and without 
scavengers was prominent at relatively low potentials and became less pronounced 
following anodic bias, for the same reason as what is perceived from Figure 6-13 in relation 
to the applied potential in the use of RS-TiO2. Figure 6-14(c) represents the time 
dependence of normalised photocurrents upon adding different sacrificial agents. It appears 
that, in general, the transient ratio declines with the number of carbon atoms of the 
alcohols, as it conforms to the following order: methanol ≈ ethanol > ethylene glycol ≈ 1-
propanol ≈ 1,3-propanediol > glycerol ≈ 1-butanol > 2-methyl-2-butanol. Since the transient 
ratio is directly related to the competition between the surface carrier recombination and 
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separation, it is an indication of the ability of a substance to effectively disrupt the surface 
carrier recombination. This trend is consistent with the trend of H2 production rate in TiO2-
based suspension photocatalytic systems with a similar alcohol series[278-280]. These 
findings can be attributed to the difficulties in breaking down the C–C bond associated with 
the chain elongation and complexity of the compound’s chemical structure [279, 281]. 
Moreover, although all alcohols used in this study are visibly transparent, light absorption of 
these alcohols in the UV region might potentially interfere with the results because TiO2 is 
also UV-active. Figure 6-15 juxtaposes the spectral absorbance behaviour of the alcohols and 
the light spectra of the Xe lamp. In all cases, strong light absorption was not observed until 
the wavelength was shorter than 240 nm and this did not overlap with Xe lamp irradiation 
region. Hence, the effect of UV blocking by the sacrificial agents on PEC output could be 
convincingly ruled out. 
 
Figure 6- 14. Voltammetric plots of RS-TiO2 for various alcohols as sacrificial agents under white-light 
illumination (a), light-chopped chronoamperometric plots at different potentials (b), and normalised transient 
photocurrent at -0.7 V vs HgO|Hg for various alcohols (c) 
(c) 
(a) (b) 
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enhancement was indeed materialised in the present TiO2-based system, as reflected in 
Figure 6-16 (for operations at 0.4 V vs HgO|Hg). Since TiO2 films were employed in a cell 
containing OH--rich electrolyte, its surface is negatively charged hence promoting 
electrostatic repulsion between the surface and the lone pair electrons of the sacrificial 
agents[268]. As a result, photocurrent enhancements lie from nearly zero up to nearly 50% 
according to the dielectric constants of the respective donors, with glycerol being the 
highest and 2-methyl-2-butanol being the lowest. Strong correlations between polarity and 
H2 production rate have also been reported by Yang et al.[280] and Sun et al.[278] in TiO2-
based heterogeneous photocatalytic systems involving a series of alcohols. Nevertheless, 
Sun et al. found that the relationship was exclusively true for monohydroxy alcohols, 
whereas in the present system this relationship was, in fact, consistent irrespective to 
whether the scavenger is of monohydroxy alcohols or polyols. 
 
Figure 6- 16. Photocurrent enhancement due to addition of various electron donors, as a function of the 
corresponding dielectric constants 
The density of hydroxyl groups that are attached to TiO2 surface may also play an important 
role. Therefore, the effects of molecular size and the number of hydroxyl groups of the 
scavengers on their effectiveness in improving PEC activities are evaluated by correlating the 
photocurrent enhancements to the number of hydroxyl groups per 1 Å2 of molecular 
coverage area (Figure 6-17). The latter parameter was estimated by assuming that the 
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molecules are of a spherical shape and all hydroxyl groups are attached to the TiO2 surface. 
A good approximation is reflected in Figure 6-17, suggesting that hole scavenging and 
electron injection might involve multiple hydroxyl groups at one incident of reactant 
collision. This suggestion is different than that given by Antoniadou and Lianos[282], in 
which they recommended that the hole-driven oxidation process involved only one hydroxyl 
group at a time, as justified by the fact that the addition of glycerol (3 C atoms 3 OH groups), 
xylitol (5 C atoms 5 OH groups), and sorbitol (6 C atoms 6 OH groups) gave similar 
photocurrent responses. However, besides the fact that they did not consider the effect of 
molecular coverage area as a consequence of variation in molecular size of these polyols, 
the experiments were conducted in the mode of a photo-fuel cell. Therefore, different 
behaviours than those obtained in our system are not unexpected.  
 
Figure 6- 17. Photocurrent enhancement due to addition of various electron donors, as a function of the 
corresponding number of OH groups per molecular coverage area 
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Figure 6- 18. Estimated correlation between the number of C–OH chains of sugar alcohols on the surface 
density of OH groups, along with the mapping of photocurrent enhancements offered by methanol, ethylene 
glycol and glycerol. Calculations were based on the physical properties of sugar alcohols with C–OH chains of 1 
– 12, extrapolated according to an approximation resembling a Langmuir isotherm. 
On the basis of this finding, one may expect that sugar alcohols, which have one OH group 
attached to each carbon, will give better photocurrent enhancement than other alcohols 
since they would give higher surface density of OH groups. Longer chains would also 
increase the number of OH groups that can be adsorbed per unit electrode area, as shown in 
the use of methanol, ethylene glycol, and glycerol. In this context, a simple calculation was 
done in order to predict the effect of the surface density of adsorbed OH groups of sugar 
alcohols on the PEC output. Sugar alcohols with C–OH chains of 1 – 12 were examined to 
extrapolate the correlation between the number of C–OH groups and the density of OH 
groups that are adsorbed on the film surface. Simple calculations of this correlation were 
based on the physical properties that are available in the literature. Accordingly, it was 
found that the correlation mimics a Langmuir-Hinshelwood isotherm with an obtained 
maximum surface density of OH groups of ca. 0.25 Å   (inset of Figure 6-18). Therefore, a 
saturated value of OH surface density (hence the photocurrent enhancement) is expected 
when the chain of C–OH groups is made infinitely long11. Mapping the photocurrent 
enhancements offered by methanol, ethylene glycol, and glycerol (blue symbols in Figure 6-
                                                     
11 The maximum OH surface density might also be hypothetically offered by a perfect graphene hydroxide, 
where enormous C atoms are aligned in a 2D structure with OH groups attached to each C atom. 
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18) shows that the above approximation was somewhat compatible with the experimental 
results. However, the number of data points was not sufficient to justify the accuracy of this 
analysis, on top of the fact that the surface density of OH is not expected to be the sole 
factor affecting the behaviour of alcohol-assisted PEC cells. Further studies may be required 
to give better clarity on this point. 
Moreover, it is also worthwhile to consider the PEC output in the case of 2-methyl-2-
butanol. As inferred from Figure 6-14(a), the limiting photocurrent corresponding to the 
addition of 2-methyl-2-butanol nearly coincides with that of the control system (without any 
scavenger): only 3% of photocurrent enhancement, which may also be in the range of data 
error. It is also observed in Figure 6-17 that 2-methyl-2-butanol demonstrated a 
considerable departure from the general trend. In addition to its low polarity, the nature of 
these phenomena can further be explained by the fact that 2-methyl-2-butanol is a tertiary 
alcohol, which does not possess any α-hydrogen in its structure. Subsequently, a steric 
hindrance would prevent electron injection from taking place[269, 281]. For this reason, the 
role of 2-methyl-2-butanol is confined to the mild suppression of carrier recombination 
within the region of low band bending, as it is corroborated by a marginal increase in 
voltammetric PEC responses at low potentials (Figure 12(a)), and a modest improvement in 
the transient ratio (Figure 6-13(c)). The absence of current doubling effect in the use of 
tertiary alcohols was also found in a ZnO-based PEC system, carried out by Lee at al. [40].  
From these results, it is to be stipulated that the most ideal alcohol to facilitate a current 
doubling effect would be that which is of high polarity, possessing a high number of hydroxyl 
groups per unit of molecular coverage area, and not restricted by steric hindrance that 
deprives itself of donating electrons (which can be justified by the presence of α hydrogen in 
its chemical structure). In addition to these, the manner in which these alcohols interact 
with TiO2 surface holes, whether it is direct or indirect, is also of importance as mentioned 
earlier. The nature of alcohol adsorption on TiO2 surface, i.e. whether it is dissociative 
chemisorption or molecular physisorption, may also play a role, as enormously pointed out 
in the literature [16]. For example, Shen et al. detected with temperature-programmed 
desorption (TPD) technique that the reactivity of chemisorbed methoxy as a hole anchor on 
a rutile (1 0 1) TiO2 single crystal is an order of magnitude higher than that of molecular 
methanol[283].  
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chronoamperometric responses at all potentials (Figure 6-19(b)), it is also confirmed that 
formaldehyde demonstrated the most effective electron injection, offering 62% of 
photocurrent enhancement at 0.4 V vs HgO|Hg with the saturated photocurrent exceeding 
100 µA, while methanol and formic acid can only improve the photocurrent by 27% and  
16%, respectively. Lastly, the chronoamperometric plots were all flattened (Figure 19(c)) 
upon introducing these scavengers, implying that the surface recombination has been totally 
eliminated, even at low band bending (-0.7 V vs HgO|Hg). Although the use of formaldehyde 
as a sacrificial agent was rather scarce in the literature, formaldehyde was proven, both 
theoretically[286] and experimentally[287], to be an excellent sacrificial agent in TiO2-based 
photocatalytic systems, even better than methanol [286, 287]. On the other hand, according 
to a DFT model study conducted by Di Valentin and Fittipaldi[288], formic acid is 
thermodynamically unfavourable as a hole scavenger for TiO2-based photocatalysis on the 
basis of its calculated adsorptive surface dipole and trapping energy. Figure 6-20 also depicts 
the absorbance spectra of methanol, formaldehyde, and formic acid in relation to the 
irradiance spectra of Xe lamp, inferring that UV blocking effect is ruled out in this system. 
 
Figure 6- 19. Voltammetric plots of RS-TiO2 for various sacrificial agents with different functional groups under white-light 
illumination (a), light-chopped chronoamperometric plots at different potentials (b), and normalised transient 
photocurrent at -0.7 V vs HgO|Hg (c) 
(b) (a) 
(c) 
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Figure 6- 20. Spectral absorbance of methanol, formaldehyde, and formic acid that are used as sacrificial 
agents (at a concentration of 0.25 M), and the spectral irradiance of the Xe lamp used as a light source 
It should also be noted that formic acid exhibited a poor electron injection capacity in spite 
of its high dielectric constant (53.3 at room temperature), which is even higher than that of 
glycerol, the best electron donor among alcohols in this study. The deviation from the 
general trend of polarity-to-photocurrent relationship has also been observed for acetone 
against alcohol series in a WO3-based PEC cell[268]. It is therefore propounded that 
benchmarking the effectiveness of one electron donor to another on the basis of polarity 
can only be soundly conducted when the substances are of the same functional group. 
Finally, assuming similarity in the molecular size of methanol, formaldehyde, and formic 
acid, we suggest from experimental results that the carbonyl functional group is more 
desirable for anodic electron donor, relative to hydroxyl and carboxyl functional groups. 
6.4. Concluding remarks 
Surface roughening of TiO2 photoanode films can remarkably improve the overall PEC 
performance with and without sacrificial agents. A rough photoanode surface can maximise 
the role of glycerol as a hole scavenger and electron donor, proven by the prominent 
enhancement of limiting photocurrent and the transient behaviour, as opposed to those 
obtained in the case of smooth-surface TiO2. On the basis of the benchmark among alcohol 
sacrificial agents, the PEC performance of rough-surface TiO2 was rather sensitive to the 
polarity of substances of the same functional group, as well as to the number of these 
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groups per unit of molecular coverage area. Furthermore, the current doubling effect 
necessitates the alcohol sacrificial agent possessing at least one α-hydrogen, otherwise 
steric hindrance will prevent electron injection from taking place. On the basis of PEC 
assessments comparing methanol, formaldehyde and formic acid as electron donors, the 
carbonyl group is favourable for electron injection to the conduction band of TiO2 as 
compared to those of hydroxyl and carboxyl groups. Finally, rough-surface TiO2 photoanodes 
described in this report offer good opportunities not only in the field of PEC H2 production 
and utilisation of biomass derivatives such as glycerol, but also in that of photo-driven 
chemical sensing. Future study can be exerted in order to clarify other aspects of sacrificial 
agents, such as the nature of hole scavenging (direct or indirect), the manner in which the 
compounds are adsorbed on TiO2 surface (dissociative chemisorption or molecular 
physisorption), and the possibility of cross-coupling between scavengers. 
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Chapter 7. Incorporation of Graphene 
Sheets onto TiO2 Photoanodes as 
Electron Relaying Agents[289]12 
 
 
This chapter addresses one of the most common 
problems in semiconductor-based photoelectrolytic and 
photocatalytic systems: photo-carrier recombination. In 
this study, highly conductive graphene is incorporated 
into TiO2 films. The presence of graphene within the film 
networks, despite its low content, could promote the 
photoconversion efficiency up to 0.61% which is 70% 
higher than that achieved by the unmodified film (0.35%). 
This improvement is attributable to the enhancement of 
the electron-transferring ability upon the insertion of 
graphene, as confirmed by transient photocurrent 
analysis and spectral impedance analysis. PEC 
assessments were also conducted with glycerol as an 
anodic sacrificial agent, of which the effect was more 
prominent when the graphene-modified film is used. This 
is ascribed to the fact that graphene facilitates fast 
transfer of electrons, both from photoexcitation and 
injection by glycerol. 
  
                                                     
12A version of this chapter has been published in International Journal of Hydrogen Energy 
(http://www.sciencedirect.com/science/article/pii/S0360319914024835) 
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Photo-driven electrochemical processes are often characterised by three fundamental steps, 
i.e. photoexcitation of electron-hole pairs, transfer of these charge carriers, and interfacial 
interaction between these carriers and their redox counterparts. Among these steps, charge 
transfer is generally known to limit the overall PEC activity because the excitons tend to 
recombine before or immediately after reaching the surface. In this chapter, the effect of 
incorporation of highly conducting graphene sheets onto TiO2 films on the charge transport 
is tackled.  
7.1. Film properties 
As described in Chapter 4, graphene-modified films were prepared by adding commercial 
graphene into the precursor solutions. The amount of graphene in this study is very limited 
mostly due to the low dispersal of graphene in ethanol-based solution; a rather high 
concentration of graphene leads to rapid settlement at the bottom of the solution flask 
hence resulting in non-uniform solution and non-reproducible data. Accordingly, 0.021% mol 
of graphene (with respect to TiO2) is used in this study, with the size of graphene flakes 
varying in the range of 150 nm – 3000 nm. The as-deposited 40-layer samples, i.e. 
unmodified (TiO2) and graphene-modified (G-TiO2) films, were calcined at 500oC for 2 h 
under an atmosphere of flowing N2, in order to avoid undesired graphene oxidation, which 
typically occurs at elevated temperature (400 - 650 oC) under oxidising atmosphere[290]. 
7.1.1. Morphology and film thickness 
Typical surface morphology of TiO2 films is depicted in Figure 7-1(a), in which regular and 
dense features of sub-micron aggregates with well-defined boundaries are apparent. It also 
shows that the morphology was not affected by the atmosphere under which the film 
undergoes thermal annealing, as it was comparable to that observed in the case of air-
atmospheric calcination provided in Chapters 5 and 6. The morphology of the graphene-
modified TiO2 film (denoted as G-TiO2) is shown in Figure 7-1(b), illustrating that the 
graphene flakes were attached onto the film while the morphology remained similar to that 
of the unmodified TiO2 film (denoted as TiO2). Graphene flakes that are attached on the 
surface are quite few, so that the overall surface roughness of G-TiO2 should be relatively 
similar to that of TiO2. It is also worth pointing out that the smaller graphene flakes favoured 
196 
 
the grain boundaries which are known to be the sites in which the carrier recombination is 
most likely to take place[291]. Therefore, the presence of highly conductive graphene in 
these boundaries is very beneficial in order to enhance the charge transfer process. Figure 7-
1(c) shows the cross sectional view of a typical TiO2 film, displaying a film thickness of ca. 
800nm (taking into account the thickness of FTO which is ca. 400 nm). These findings 
confirm that neither film thickness nor particle size distribution is affected by the 
incorporation of graphene. 
TiO2 film Graphene sheet Graphene-modified 
TiO2 film  
Figure 7- 1. SEM images of the surface morphology of TiO2 (a) and G-TiO2 (b); a cross-sectional micrograph of a 
typical TiO2 film (c); illustration of graphene incorporation onto TiO2 films 
7.1.2. X-ray diffraction patterns 
X-ray diffractograms of the synthesised films are illustrated in Figure 3(a). Characteristic 
peaks for anatase are observed at 2θ of 25.3o and 47.8o in both TiO2 and G-TiO2, conforming 
to the indices of (1 0 1) and (2 0 0) planes, respectively. No striking difference is observed in 
the shape and the relative intensity of the TiO2 characteristic peaks upon graphene addition, 
nor is there a shift in 2θ. Besides the fact that the amount of graphene used in this study is 
quite small, TiO2-graphene interphase interaction is known to be governed by Van der Waals 
forces, although the presence of C vacancies or epoxy groups can fortify TiO2-graphene 
(a) (b) (c) 
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binding[267]. Such interaction is not expected to disrupt crystallographic parameters of the 
original anatase. 
 
Figure 7- 2. XRD patterns of FTO, unmodified TiO2, and graphene-modified TiO2 films 
It is also worth noting at this point that the relative intensity of the (1 0 1) anatase peak of 
N2-annealed samples is slightly lower than that of films annealed at air atmosphere under 
the same annealing operating parameters (i.e. the unmodified film in Chapter 5). Applying 
Scherrer formulation (Equation 6.1) to the (1 0 1) peaks of the unmodified films that are 
annealed under air and N2 atmosphere results in average crystallite size of 134 nm and 83.8 
nm, respectively. Slimen et al. also reported the shrinkage of TiO2 crystallite size as well as 
deficient anatase content in the case of N2 calcination, as compared to that of air 
annealing[292]. Hydrolysis of titanium alkoxide (Ti–OR) during deposition produces Ti–OH, 
followed by condensation to form Ti–O–Ti and water[162]. Ti–O–Ti can also be formed by 
the subsequent reaction between Ti–OR and Ti–OH[162]. Some residual Ti–OH may thus still 
be present after deposition. Further annealing in air atmosphere removes this residue, and 
the sites are replaced by oxygen. In contrast, when annealing is carried out under inert O2-
free (such as N2) atmosphere, the displacement of Ti–OH produces oxygen vacancies. These 
defect sites may be the underlying reason for the lowering of XRD peak intensity and 
shrinkage of crystallite size in the case of N2-annealed TiO2 in this study. 
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7.1.3. Optical properties 
The Tauc plots of TiO2 and G-TiO2 samples for band gap approximation are illustrated in 
Figure 7-3, revealing values of 3.2 and 3.15 eV, respectively. It should also be noted that the 
absolute absorbance of G-TiO2 was slightly higher than that of TiO2 within the range of 350 – 
550 nm (inset of Figure 7-3). Mild lowering of TiO2 band gap due to graphene incorporation 
have been observed by other researchers[129, 134, 137, 142, 293, 294]. Accorrding to Yang 
et al., two reasons could be considered to rationalise such observations [140]: the intrinsic 
ability of graphene to absorb visible light, and the presence of Ti–O–C bonds established 
between TiO2 and graphene which was believed to be responsible for the moderate degree 
of visible light absorption. In the present case, however, the variation in optical properties 
between two films in this study was somewhat marginal and was probably still in the range 
of data errors. 
 
Figure 7- 3. Tauc plots of unmodified and graphene-modified TiO2 films (inset: absorbance spectra) 
7.2. Photoelectrochemical performances without any sacrificial agent 
Figures 7-4(a) and (b) respectively illustrates linear voltammograms and bias-dependent 
photoconversion efficiency of both prepared photoanode samples. Voltammetric scans 
showed negligible dark anodic current and similar photoanodic onset at ca. –0.65 V vs 
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HgO|Hg. It is also inferred from the voltammetric plots that the limiting current was not well 
defined for both cases, indicating that a degree of charge transfer resistance still played a 
role even at a highly anodic region of applied potentials. Illuminating unmodified TiO2 film 
with white light generated photocurrent of 40 µA at 0.8 V vs HgO|Hg, while the generated 
photocurrent reaches 65 µA at the same applied potential in the use of the graphene-
modified film. Translating the voltammograms to photoconversion efficiency (Figure 7-4(b)) 
resulted in maximum photoconversion efficiency of 0.35% and 0.61% for TiO2 and G-TiO2, 
respectively. Furthermore, the maximum efficiency in the use of G-TiO2 was achieved at a 
more negative value (-0.35 V vs HgO|Hg) than that of TiO2 (-0.27 V vs HgO|Hg), suggesting 
that the insertion of graphene into TiO2 films was an effective technique not only to boost 
the photoconversion efficiency but also to reduce the external energy required by a PEC cell 
to reach its maximum value. Figure 7-4(c) depicts the time course of photocurrent density 
generated from the cell employing G-TiO2. As clearly visualised, the photocurrent was well 
maintained throughout the experimental period, and there was no sign of deactivation even 
after more than 6000 s of illumination. This finding confirms the robustness and the 
excellent stability of the G-TiO2 film, which also indicates that PEC processes did not affect 
the charge-conducting capability of graphene in a destructive way (e.g. oxidation leading to 
graphene oxide). 
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Figure 7- 4. Linear sweep voltammograms (a) and photoconversion efficiency (b) of the unmodified and 
graphene-modified TiO2 films. and the prolonged photoelectrochemical performance of the graphene-modified 
TiO2 film at 0 V vs HgO|Hg (c) 
The thermodynamic feature in terms of energy levels for electron flow is depicted in Figure 
7-5 for the case of graphene-modified TiO2 films deposited onto FTO. Since the work 
function of graphene is ca. 4.42 – 4.45 eV[295-297] and the conduction band of anatase is 
located at ca.-4.21 eV[33] with respect to Vacuum, the movement of electrons from TiO2 CB 
to the graphene was energetically favourable in this particular system. These captured 
electrons were then spontaneously delivered to the FTO underlying substrate whose work 
function is ca. 5.0 eV[298], hence improving charge separation efficiency. The gradient of 
electron energy levels in such a system ensured the feasibility of electron transfer 
augmentation. In terms of electron transfer kinetics, the presence of graphene sheets in 
TiO2 films can increase the PEC output due to its extensive two-dimensional π-π conjugation 
network[129, 137, 140, 145, 147, 150]. With a high electron mobility, graphene promptly 
captures and drives photo-induced electrons from TiO2 conduction band to the external 
circuit, while in the use of unmodified TiO2 film, these electrons have to travel through many 
boundaries, risking bulk recombination in the process (illustrated in Figure 7-6). Although 
there is no evidence of physical contact between graphene and FTO, it is highly probable 
(a) (b) 
(c) 
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that graphene flakes touch the FTO considering the size of graphene is up to 3 μm while the 
thickness of TiO2 film is ca. 800 nm. Even if the graphene flakes are not physically in contact 
with FTO, their presence ensures a faster pathway for the photocharge carriers to migrate 
within the film interior, reducing interaction with grain boundaries in the bulk 
microstructure of the film. 
 
Figure 7- 5. Energy level diagram of graphene-assisted electron relay 
 
Figure 7- 6. Comparison between TiO2 and G-TiO2 in facilitating effective electron transfer to the back contact 
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The photoelectrochemical enhancement of TiO2 photoanodes associated with graphene 
insertion in this study is relatively small (ca. 70%) compared to previous reported works. 
Song et al. reported a 15-fold photocurrent enhancement upon attaching graphene oxide to 
TiO2 nanotube arrays[135]. However, the absolute values of the maximum photoconversion 
efficiency were rather low (0.0033% for the unmodified nanotubes and 0.0487% for the 
graphene-oxide-modified nanotubes). Since the unmodified film in this study has given a 
decent value of photoconversion efficiency, the photocurrent enhancement upon graphene 
insertion is expected to be moderate. Besides, only photoelectrochemical measurements 
under visible light illumination were reported in their study; thus no direct comparison can 
be made. Bell et al. reported photo-assisted deposition of reduced graphene oxide on TiO2, 
resulting in a 12-fold photocurrent enhancement[146]. Similarly, remarkable 
photoelectrochemical performances of TiO2-graphene composites have also been achieved 
by other researchers[137, 141, 299]. Nevertheless, these works were carried out under UV 
illumination hence they are not directly comparable with our system. For practical 
application, photoelectrochemical studies under broad-spectrum illumination are 
favourable. Min et al. synthesised graphene-TiO2 composites via a sonochemical-assisted 
method which enhance the photoanodic response up to 6 times compared to pristine TiO2 
films under 100 mW/cm2 AM 1.5G illumination[143]. In spite of this significant 
improvement, the generated photocurrent is relatively low (0.6 μA.cm-2). Moreover, the 
weight ratio of graphene oxide used in their study is particularly high (8.5%wt). Since the 
production and purchase costs of graphene are generally high[300], the use of small 
amounts of graphene is desired.  A 40-fold photoactivity enhancement upon the 
introduction of graphene into TiO2 photocatalysts was also achieved by Xiang et al.[149]. 
Their work, however, was done in a colloidal system over powdered photocatalysts. The 
advantage of this system is that it provides a large number of active sites for the hydrogen 
photoproduction to take place, as opposed to the electrode system in which the active sites 
are limited to those available on the film surface. Therefore, a significant improvement due 
to graphene insertion is expected in such a system. Yet, the colloidal system is arguably not 
very practical for long term applications since it is often complicated to separate the 
photocatalyst powders from the solution after reactions, as mentioned in Section 1.3. 
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Figure 7- 7. Chronoamperometric plots of TiO2 and G-TiO2 at 0 V vs HgO|Hg for various incident photon 
wavelengths (inset: estimated kinetic ratio as a function of photon wavelength) 
Figure 7-7 depicts the light-chopped chronoamperometric plots of TiO2 and G-TiO2 films for 
various photon wavelengths, carried out at a constant potential of 0 V vs HgO|Hg. Typical 
spike-decay responses are observed in both cases, with the onset of photocurrents being at 
around 390 nm. Qualitatively, it was apparent that the initial current decay was more severe 
in the case of TiO2 than that in the case of G-TiO2, further signifying the role of graphene in 
preventing carrier recombination. The augmentation in charge-transferring capability of the 
films upon graphene insertion was also supported by electrical impedance spectroscopy 
(EIS) results. Bode phase plots of experimental data obtained in the use of TiO2 and G-TiO2 
(Figure 7-8(a) and (b), respectively) show that both systems exhibit single-time-constant 
behaviour. Therefore, an equivalent circuit consisting of one resistance-capacitance 
components (inset of Figure 7-8(c)) is suitable to interpret the data. In fact, the model fitted 
the data very well. Nyquist plots of the prepared films are illustrated in Figure 7-8, showing 
that the G-TiO2 film exhibited a smaller radius of a typical semicircle in comparison to that 
which is observed for TiO2. So, in the first glance, this was an indication of better photo-
carrier transport in the case of G-TiO2 as the arc radius of a Nyquist plot is associated with 
the ability of the corresponding film to conveying charge carriers [134, 136, 146, 147, 301].  
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Figure 7- 8. Bode phase plots of TiO2 (a) and G-TiO2 (b) at -0.6V vs HgO|Hg under 120 W/m2 white light 
illumination from Xe lamp, along with the corresponding Nyquist plots (c). 
A more in-depth interrogation of the EIS results can be achieved by analysing the calculated 
values of model-fitted parameters. The calculated series resistance (  ) was found to be 
similar in both cases, being 53.8 Ω for TiO2 and 49.3 Ω for G-TiO2. A moderate decrease of 
carrier transfer resistance (   ) was obtained in the use of G-TiO2, revealing a value of (12.8 
± 0.3) kΩ as compared to that of TiO2 which is (15.1 ± 0.4) kΩ. It appeared that this slight 
decrease of apparent     values upon insertion of graphene was enough to boost the 
photocurrent reflected in the photo-voltammetry and the photo-chronoamperometry. 
Therefore, it was concluded that attaching graphene flakes to TiO2 films, even in a relatively 
small amount, led to higher mobility of the photocharges across the film network and 
consequently boosted the photocurrent response.  
(a) (b) 
(c) 
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It should be noted that, in this study, there remains a wide scope for improvements. For 
example, the amount of graphene can be varied in order to investigate the nature of the 
effects of graphene content on PEC responses, e.g. whether an optimum or a saturated 
value exists. However, as mentioned in Section 7.1, it was quite a challenge to impose higher 
amounts of graphene with good reproducibility in the present system. Graphene flakes used 
in this study were supplied by Graphene Supermarket® in the form of solution (graphene 
flakes dispersed in ethanol), which is very convenient for the fabrication system of films. 
Nonetheless, with this arrangement, maximum graphene content in the spray pyrolysis 
precursor solutions is as low as 0.05 mg/L. Attempts to increasing graphene content were 
indeed expended, including by the use of graphene from ACS Material® in the powdered 
form. While higher graphene content could indeed be achieved, a major issue in terms of 
graphene dispersion in the solution was encountered. Consequently, the reproducibility of 
the PEC results suffered considerably. The addition of sodium dodecylbenzene sulfonate 
(SDBS) into the precursor solutions as a dispersing agent did not solve the problem. 
Therefore, a suitable experimental method to produce graphene-modified TiO2 films with 
higher graphene content while maintaining result reproducibility can be an important task 
for future study. 
7.3. Photoelectrochemical performances in the presence of glycerol 
In addition to pure water splitting, PEC H2 production was also performed in the presence of 
glycerol as an anodic sacrificial agent which is expected to play an important role as a 
chemical sink for the prompt quenching of photogenerated holes. As extensively discussed 
in Chapter 6, glycerol is the most effective sacrificial agent in alcohol series. With an 
important role played by glycerol, the carrier separation is expected to be further enhanced 
hence improving the photoelectrochemical response of the cell and, at the same time, 
consuming glycerol in an irreversible manner. 
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probably does not explain the real effect of increasing the glycerol concentration in our case, 
as mentioned in Section 6.3.1.c. Since no stirring was employed during PEC measurements, 
mass transfer resistance could be substantial and hinder the glycerol molecules reaching the 
film surface. Therefore, increasing the bulk glycerol concentration does not necessarily 
mean increasing occupied sites of the film surface by glycerol molecules. Yet, by increasing 
the glycerol concentration, the driving force for the glycerol molecules to diffuse towards 
the film surface is increased and the steady state mass transfer, in turn the overall 
photocurrent, should increase.  
However, a different postulation may also be constructed on the basis of the bulk and the 
surface recombination. In the absence of a hole scavenger, photocurrents are limited by the 
recombination occurring both on the bulk and on the surface of the photoanode. 
Introduction of glycerol into the electrolyte improves the electron-hole separation on the 
surface of the photoanode, while the bulk recombination remains intact due to the great 
mass transfer limitation within the interior region of the film which does not allow glycerol 
molecules to diffuse in. Gradual increase in glycerol concentration further reduces the 
surface recombination until, at a sufficiently high concentration of glycerol, the resistance 
that limits the photocharge extraction on the surface is totally overcome. At this point, the 
bulk recombination becomes the rate-determining step for the overall reaction rate, hence 
saturating the values of additional photocurrent. 
 
Figure 7- 11. The role of graphene sheets in improving transfer of electrons both from photoexcitation and 
injection by glycerol 
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In any case, it should be emphasised that the effect of glycerol on PEC output is more 
pronounced in the case of G-TiO2 as compared to TiO2. Figure 7-11 illustrates the hole 
scavenging process by glycerol on G-TiO2 surface for the case of first hole transfer. It is 
proposed that the presence of graphene accelerates not only the conduction band electrons 
from the point of excitation to the back contact, but also the electrons injected by glycerol 
following photooxidation by holes. Therefore, the current doubling effect is more noticeable 
in the case of G-TiO2 than that in TiO2, as depicted in Figure 7-11.  
7.4. Concluding remarks 
Graphene can be successfully incorporated onto TiO2 films via a one-step spray pyrolysis 
method. This technique resulted in improved photocharge separation and transfer as proven 
by steady-state voltammetric and transient light-chopped chronoamperometric 
measurements, thereby enhancing the efficiency of the photo-assisted water splitting 
process. This improvement was observed despite the small amount of graphene content, it 
was therefore concluded that PEC systems are sensitive towards a recombination inhibitor. 
Graphene-modified TiO2 films also exhibited excellent stability during a prolonged PEC 
operation, indicating that graphene remained intact from transformation to e.g. graphene 
oxide which may potentially disadvantage the charge conducting properties of the film. 
Introduction of glycerol into the PEC system further corroborated the virtues of the 
graphene-modified film in opposition to its unmodified counterpart. The additional 
photocurrent due to the introduction of glycerol depended upon the concentration of 
glycerol according to a model resembling a Langmuir-Hinshelwood isotherm, consistent to 
what is discussed in Chapter 6. It is suggested in this study that graphene was highly capable 
of relaying electrons (both that are generated from excitation and that are donated via 
injection by glycerol) from the surface through the film interior to the back solid-solid 
contact. 
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Chapter 8. Attempts to Enhancing Visible 
Light Activity of Titania Photoanode Films 
 
 
 
As mentioned in Section 2.3.3, one of the most 
disadvantaging features of TiO2-based materials as 
photocatalysts or photoelectrodes is the mismatch 
between their band gap and the solar spectrum. 
Accordingly, this chapter elaborates on the efforts that 
have been exerted in order to observe the possibility of 
producing visible-light-active titania films via the current 
preparative arrangements. The approaches which were 
implemented include doping with impurities of foreign 
cations and anions, and synthesis of bismuth titanates 
which are known to be visible-light-active photocatalysts. 
This chapter is particularly dedicated to present results of 
these efforts, as well as to identify and suggest some of 
the challenges and difficulties associated with the current 
experimental set-ups in achieving such goals. 
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8.1. Cation doping 
It is addressed in Section 3.3.1 that cation doping has been regarded as an effective strategy 
to improve photocatalytic properties of TiO2-based photocatalysts. The presence of cationic 
impurities in the forbidden gap leads to formation of mid-gap states, either at acceptor (just 
below the original level of conduction band) or donor levels (just above the original level of 
valence band). This allows alternative pathways of photo-carrier excitations which are less 
energetic than that in the case of unmodified semiconductors. Nevertheless, this line of 
studies within the field of TiO2-based H2 production has been heavily focused on the 
heterogeneous photocatalytic systems while the enthusiasm has not been as immense for 
photoelectrochemical systems. In this section, cation doping of TiO2 films is addressed with 
Cu, Fe, and V assigned as dopants. As described in Section 4.1.1, the doping of Cu, Fe, and V 
was done by adding the respective precursor salts to the control precursor solution (TTIP + 
AcAc + ethanol) prior to spray pyrolysis deposition. The doping content was varied for each 
case; the prepared films are thus labelled as xM-TiO2 where x is the doping content in %wt 
and M is the metal cationic dopants (Cu, Fe, or V). In addition, cation doping was also carried 
out with Ti3+ cations (self-doping) by either preparing TiO2 films with TiCl3-based precursor 
or by annealing the typical films in reducing atmosphere (flowing H2/N2 gas mixture); the 
results are presented in Appendix A.3. 
8.1.1. Cu doping 
Figure 8-1 represents the optical properties the unmodified TiO2 film and those which were 
doped with Cu for the doping content of 0.21, 0.48, and 0.66%wt. The peaks of optical 
absorbance of all samples appear to be similar in all cases and the wavelength at which the 
maximum absorbance was reached coincide at around 325 nm (the inset of Figure 8-1). 
Band gap of these films were deduced by constructing Tauc plots, which resulted in very 
slight variations according to Cu content. Accordingly, the band gap of these films are 
estimated to be 3.19, 3.14, 3.14, and 3.08 eV for the unmodified TiO2 film, 0.21Cu-TiO2, 
0.48Cu-TiO2, and 0.66Cu-TiO2, respectively. The inability of Cu to give significant band gap 
narrowing could be attributed to slight mismatch between the ionic radius of Cu2+ (0.870 Å) 
and that of Ti4+ (0.745 Å) which made inclusion of Cu ions into TiO2 lattices difficult. 
Consequently, interaction between TiO2 and Cu as a dopant might be physical and doping 
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was not properly materialised[308]. Poor solubility of the dopant oxide in TiO2 might also be 
an important factor in this regard[308].  
 
Figure 8- 1. Tauc plots of the unmodified TiO2 film and those doped with Cu along with the corresponding 
spectral UV-vis absorbance (inset) 
PEC measurements were conducted in order to investigate the effectiveness of Cu doping in 
enhancing the water splitting process, and the results are presented in terms of steady-state 
cyclic voltammograms with a scan rate of 10 mV/s in the dark and under white light 
illumination (ca. 120 W/m2), as illustrated in Figures 8-2(a) – (d). The unmodified TiO2 film 
showed a typical polarisation behaviour where the photocurrent began to be observable at 
ca. -0.73 V vs HgO|Hg, followed by a steep increase upon anodic scan. The photocurrent 
dependence on the potential scan decreased when the applied bias was sufficiently positive. 
Upon doping of 0.21%wt Cu, the photocurrent-onset potential was anodically shifted to ca. -
0.69 V vs HgO and the photocurrent increased almost linearly upon anodic bias. In the case 
of Cu-doped TiO2 films with doping content of 0.48 and 0.66%wt, the photocurrent-onset 
potentials further chatodically shifted to -0.54 V and -0.55 V vs HgO|Hg, respectively, and 
limiting photocurrent was not well defined in all cases.  
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Figure 8- 2. Cyclic voltammograms of TiO2 (a), 0.21Cu-TiO2 (b), 0.48Cu-TiO2 (c), and 0.66Cu-TiO2 (d) in the dark 
and under illumination of 120 W/m2 white light from Xe lamp. These processes were operated at a 
voltammetric scan rate of 10 mV/s in 1 M NaOH electrolyte solution. 
The doping of Cu had a detrimental effect on the PEC output of TiO2 films, as seen more 
clearly in Figure 8-3.  The photocurrent of the unmodified TiO2 film reached 40 µA at 0.8 V vs 
HgO|Hg while 0.21Cu-TiO2 film could only offer 15 µA at the same applied potential. Further 
increasing Cu content led to even worse PEC output, giving as small as 5 µA photocurrent for 
both 0.48Cu-TiO2 and 0.66Cu-TiO2. Furthermore, the applied-bias photoconversion 
efficiency was calculated to be only 0.073%, 0.023%, and 0.017% when 0.21Cu-TiO2, 0.48Cu-
TiO2, and 0.66Cu-TiO2 were assigned as photoanodes, respectively. These values are far 
lower than that obtained by the control TiO2 film (0.43%). In fact, not only did the efficiency 
suffer in the case of Cu-doped films, higher applied bias was also required to reach the 
maximum efficiency; it requires an application of -0.22 V vs HgO|Hg for all Cu-doped TiO2 
films to obtain their maximum efficiency while that of the unmodified TiO2 film was 
achieved at a more negative potential (-0.36 V vs HgO|Hg).  
(a) (b) 
(c) (d) 
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Figure 8- 5. Tauc plots of the unmodified TiO2 film and those doped with Fe along with the corresponding 
spectral UV-vis absorbance (inset) (a); photographs of TiO2 and 1Fe-TiO2 films (b) 
Cyclic voltammetric measurements were conducted for the Fe-doped TiO2 films, the results 
of which are depicted in Figures 8-6(a) and (b). In the case of 1Fe-TiO2, the potential window 
within which PEC measurements were operated was restricted by the reactivity of Fe in the 
designed environment. An anodic peak was generated at ca. -0.5 V vs HgO|Hg, most likely 
attributable to oxidation of Fe species, and the photocurrent was not observed until positive 
anodic scan reached ca. -0.2 – -0.1   V vs HgO|Hg. In order to avoid Fe-involving 
electrochemical reactions, the potential window was adjusted. Accordingly, the inset of 
Figure 8-6(b) shows a clearer distinction between dark- and photo-current in the case 1Fe-
TiO2 in a narrowed potential range.  
1Fe-TiO2 TiO2 
(a) 
(b) 
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Figure 8- 6. Linear-sweep voltammograms under illumination of white light (120 W/m2) and in the dark for 
0.1Fe-TiO2 (a) and 1Fe-TiO2 (b); Potential-dependence of photocurrent (c) and photoconversion efficiency (d) 
of the unmodified and Fe-doped TiO2 films. 
Similar to what was conceived in the case of Cu doping, incorportation of Fe into TiO2 films 
had a negative effect on the PEC process. The photocurrent-onset potential was anodically 
shifted from -0.73 V vs HgO|Hg (for the unmodified) to -0.59 V vs HgO|Hg, following the 
insertion of 0.1%wt Fe, and even further when 1%wt Fe was doped into TiO2 (photocurrent-
onset potential was located at -0.18 V vs HgO|Hg). The anodic shift of photocurrent-onset 
potential is normally associated with the increase in carrier recombination. The detrimental 
effects of Fe doping on PEC properties of TiO2 films were ultimately reflected in the resultant 
photocurrent and photoconversion efficiency (Figures 8-6(a) and(b)). At 0.6 V vs HgO|Hg, 
0.1Fe-TiO2 and 1Fe-TiO2 films respectively gave photocurrents of 14 µA and 5.1 µA, 
substantially lower than that obtained by the unmodified (40 µA). Likewise, the maximum 
photoconversion efficiency also significantly decreased from 0.43% to 0.074% and 0.02% as 
results of Fe doping.  
(a) (b) 
(c) 
(d) 
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8.1.3. V doping 
In addition to Fe and Cu, V was also incorporated onto TiO2 films to observe the possibility of 
visible-light-driven PEC processes. Figure 8-7 shows Tauc plots of the unmodified films and 
those doped with V for two different contents: 0.15% and 0.6%wt. It appeared that V doping 
did not induce appreciable changes on the optical properties of the films. All samples in this 
case revealed comparable values of band gap, which was around 3.2 eV; this is a typical 
value for pristine anatase materials. The inability of V doping to influence the optical 
properties is also reflected in the inset of Figure 8-7 which shows that the UV-vis absorbance 
spectra of all films nearly coincide to each other. Similar results were also reported by Sene 
et al.[159], Covei et al.[310], and Predoana et al.[311] among others, where doping of TiO2 
with V failed to induce appreciable changes in band gap. 
 
Figure 8- 7. Tauc plots of the unmodified TiO2 film and those doped with V along with the corresponding 
spectral UV-vis absorbance (inset) 
Figures 8-8(a) and (b) depict the PEC responses of V-doped TiO2 films in terms of cyclic 
voltammetric plots under illumination of white light (120 W/m2) and in the dark. For the low 
doping content (0.15%wt) of V, there was no noticeable shift of photocurrent-onset 
potential; it remained comparable to that of the unmodified TiO2 film which was situated at 
around -0.7 V vs HgO|Hg. Nevertheless, similar to Cu and Fe, doping with V still gave 
negative effects on the photocurrent output. Increasing the doping content of V to 0.6%wt 
led to even poorer photoactivity. At 0.8 V vs HgO|Hg, the photocurrents that were 
generated from 0.15V-TiO2 and 0.6V-TiO2 were around 30 µA and 3.9 µA, much lower than 
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that offered by the unmodified film (Figure 8-8(c)). Accordingly, both 0.15V-TiO2 and 0.6V-
TiO2 photoanode films could only offer photoconversion efficiency of around 0.25% and 
0.04%, respectively, as compared to that obtained by the unmodified one (0.43%). 
 
Figure 8- 8. Cyclic voltammograms under illumination of white light (120 W/m2) and in the dark for 0.15Fe-TiO2 
(a) and 0.6Fe-TiO2 (b); Potential-dependence of photocurrent (c) and photoconversion efficiency (d) of the 
unmodified and V-doped TiO2 films. 
Low photoelectrochemical (or photocatalytic) activities of cation-doped TiO2 are commonly 
associated with two major problems. Firstly, the incorporation of foreign ion impurities in 
TiO2 matrix may induce several point defects[312]. These defects are known to be serving as 
trapping sites and recombination centres for the photocharge carriers. Ni et al. suggested 
that cations had to be doped near to the reaction sites (i.e. sub-surface region) in order to 
allow prompt trapping and transfer of the carriers. Otherwise, deep doping of cations in the 
bulk region serves as recombination centres and impedes carrier transfer towards solid-
liquid interface. Attempts to imposing visible-light responses of TiO2 would thus be a trade-
off between harnessing a wider portion of solar spectrum and maintaining low 
(a) (b) 
(c) (d) 
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recombination rate that might increase due to band gap narrowing and formation of point 
defects. Secondly, the presence of these ions might also block a portion of photons 
impinging on the photoanode, resulting in losses of exciton generation to some extent. 
These results imply that the current set-up of spray pyrolysis deposition might not be 
suitable to produce doped TiO2 films with desired effects. Similar outcomes were also 
perceived in the case of self-doping by Ti3+ cations, induced by either using TiCl3-based TiO2 
precursor or calcination under reducing atmosphere (Appendix A.3).   
8.2. Anion (N) doping 
The attempts to extending the absorption spectrum of TiO2 films in this study were also 
carried out by doping with anions. It is discussed in Section 3.3.2 that some reports on the 
effectiveness of anion doping in sensitising TiO2 towards visible-light irradiation have been 
reported, with nitrogen (N), carbon (C), and sulphur (S) being the most studied dopants. 
However, doping of TiO2 by C has been met with scepticism and even heavy criticism [313-
315]. On the other hand, as mentioned in Section 3.3.2, incorporation of S atoms into TiO2 
crystal structure would involve practical difficulties because of its large ionic radius which 
would give rise to the high energy barrier of S doping. Therefore, anion doping in this study 
was focused only on the use of N as a dopant because, based on the literature survey, N 
doping shows almost indisputable reputation in improving the absorptivity of TiO2 with 
regards to visible-light-driven photochemical processes. 
Accordingly, two different sources of N were used, namely ammonium nitrate (NH4NO3) and 
urea, of which concentrations in the precursor solutions were also varied. The prepared 
films were thus labelled as xY-TiO2 where x is the concentration of the N source in mol/L and 
Y is the types of N sources (NH4NO3 or urea). All samples were annealed under N2 
atmosphere in order to prevent losses of N atoms due to oxidation.  
8.2.1. NH4NO3 as a source of N  
The spectral absorption behaviour of the unmodified TiO2 film and those doped by N is 
depicted in Figure 8-9, with NH4NO3 as a source of N for three different concentrations in 
the precursor solution. It was revealed that the addition of NH4NO3 did not lead to any 
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appreciable changes in the optical properties of the TiO2 films. Although the gradient of the 
linear portion of Tauc plots show slight alteration, the intercept with x-axis, which defines 
the corresponding band gap, only showed insignificant shift upon introduction of NH4NO3. 
The estimated band gap values associated with the use of 0.1, 0.2, and 0.3 M of NH4NO3 are 
respectively 3.14, 3.13, and 3.10 eV. These values are still comparable with that of the 
control film (ca. 3.20 eV). 
 
Figure 8- 9. Tauc plots of the unmodified TiO2 film and those doped by N atoms from NH4NO3 along with the 
corresponding spectral UV-vis absorbance (inset) 
Results of cyclic voltammetric measurements under illumination and those carried out in the 
dark are presented in Figure 8-10, which show no striking difference amongst all films. The 
photocurrent-onset potential of the unmodified film was situated at -0.69 V vs HgO|Hg 
while those observed in the cases of 0.1NH4NO3-TiO2, 0.2NH4NO3-TiO2, and 0.3NH4NO3-TiO2 
are located at -0.73 V, -0.70 V and -0.75 V vs HgO|Hg. All samples showed similar shapes of 
polarisation curves, and the magnitude of generated photocurrents were also comparable as 
seen in Figure 8-11(a). At 0.8 V vs HgO|Hg, the photocurrent responses of 0.1NH4NO3-TiO2, 
0.2NH4NO3-TiO2, and 0.3NH4NO3-TiO2 films respectively gave values of 35, 40, and 49 µA 
while their unmodified counterpart offer ca. 40 µA at the same applied potential. The 
corresponding photoconversion efficiency as a function of applied potential is also 
illustrated in Figure 8-11(b), revealing a value of 0.38% for the unmodified film, 0.33% for 
0.1NH4NO3-TiO2, 0.35% for 0.2NH4NO3-TiO2, and 0.44% for 0.3NH4NO3-TiO2. Considering the 
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fact that the maximum efficiency obtained in the entire study is ca. 1.23%, this variation can 
be reasonably regarded as insignificant. 
 
Figure 8- 10. Cyclic voltammograms of TiO2 (a), 0.1NH4NO3-TiO2 (b), 0.2NH4NO3-TiO2 (c), and 0.3NH4NO3-TiO2 
(d) in the dark and under illumination of 120 W/m2 white light from Xe lamp. These processes were operated 
at a voltammetric scan rate of 10 mV/s in 1 M NaOH electrolyte solution. 
 
Figure 8- 11. Potential-dependence of photocurrent (a) and photoconversion efficiency (b) of the unmodified 
and N-doped TiO2 films. 
(a) (b) 
(c) (d) 
(a) (b) 
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8.2.2. Urea as a source of N  
The pursuit on obtaining TiO2 films that can be used as photoanodes under visible light 
illumination was further carried out through N doping with urea as an N source. Urea was 
added into the precursor solution at concentrations of 0.2, 0.3, and 0.5 M. The optical 
properties of the resultant TiO2 films (post-calcined) are shown in Figure 8-12. 
Unfortunately, similar to what was obtained in the case of NH4NO3, the addition of urea as 
an N source did not seem to offer any appreciable change of band gap of TiO2 films either. 
These were reflected on the fact that the gradient of the linear part of Tauc plots was 
relatively unchanged upon urea addition, and the band gap of N-doped TiO2 films remained 
in the range of 3.2 eV, which is a typical value of the original anatase materials. 
 
Figure 8- 12. Tauc plots of the unmodified TiO2 film and those doped by N atoms from urea along with the 
corresponding spectral UV-vis absorbance (inset) 
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Figure 8- 13. Cyclic voltammograms under illumination of white light (120 W/m2) and in the dark for 0.2urea-
TiO2 (a), 0.3urea-TiO2 (b), and 0.5urea-TiO2 (c); Potential-dependence of photocurrent (d) and photoconversion 
efficiency (e) of the unmodified and N-doped TiO2 films. 
The inability of urea to improve photoactivity of TiO2 films was ultimately reflected in PEC 
responses depicted in Figures 8-13(a – d). In fact, addition of urea led to slightly poorer PEC 
performance as judged by the decrease in the magnitude of photocurrents. It is clear from 
Figures (a – c) that the photocurrent generated by 0.2urea-TiO2 film could only reach 35 µA 
at 0.8 V vs HgO|Hg (as compared to the unmodified film which produced 40 µA). The use of 
TiO2 films with higher content of urea exhibit even poorer performance where the 
photocurrent was below 30 µA at the same applied potential. This negative effect of urea 
addition was more prominent when the assessments were done in terms of 
photoconversion efficiency. As mentioned earlier, the unmodified film represented a 
maximum value of efficiency of 0.38%. The addition of 0.2 mol/L, 0.3 mol/L, and 0.5 mol/L of 
urea into the precursor solution respectively led to efficiency values of ca. 0.34% and 0.24%. 
A further effort on doping TiO2 with N atoms was exerted with the use water-based 
precursor solutions with TiCl3 solution as Ti source, which is soluble in water without 
violently reacting as in the case of TTIP (Appendix A.4). Considering the fact that urea has a 
very high solubility in water, this strategy was intended to increase the content of urea and 
(a) (b) (c) 
(d) (e) 
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consequently N dopant. However, results showed that realising visible-light-active TiO2 films 
in this study remains a challenge.  
Further investigation to clarify the causes of these unsuccessful attempts might be required. 
Nonetheless, a conjecture could be based upon thermal decomposition of the N sources in 
relation to the fact that the spray pyrolysis deposition was operated at relatively high 
temperature. It was reported by Saunders that 98% of the irreversible thermal 
decomposition of NH4NO3 into N2O and H2O occurred in the temperature range 230 – 260 oC 
with reasonably high reaction rates[316]. Likewise, Schaber et al. reported that thermal 
decomposition of urea initiated at temperature of as low as 150 oC and completed at ca. 250 
oC producing cyanic acid, ammeline, and ammelide with biuret as an intermediate[317]. 
Recalling the real-time temperature of the substrate during spray pyrolysis being in the 
temperature range 330 – 350 oC, it is probable that the chemicals used as N sources in this 
study decomposed before N atoms were properly doped onto TiO2. In fact, if the reaction 
rates of such processes were extremely high, it is also possible that both ammonium nitrate 
and urea were removed from the system even before hitting the hot surface of the 
substrate. 
8.3. Bismuth titanates 
Discussions in Section 2.3.4 suggests the potential of bismuth titanates in realising visible-
light-active titania in PEC H2 production. In this section, attempts to achieving such goals and 
the corresponding results are presented. 
8.3.1. Choice of Bi sources 
As mentioned in Section 2.3.4, bismuth titanates primarily possess three stable phases, 
namely selenite (Bi12TiO20), pyrochlore (Bi2Ti2O7), and perovskite (Bi4Ti3O12). It follows that, 
in order to obtain bismuth titanates with desired phases, the chemical sources of Bi and Ti 
were supposed to be added into the precursor solution so that it gives a stoichiometric Bi/Ti 
proportion of the intended phase. It was rather difficult, however, to choose a bismuth 
source that is compatible with the preparative conditions implemented in this study, even 
when the use of water-based precursor solutions with TiCl3 as a Ti source was considered. 
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BiCl3 was not soluble in both ethanol and water while Bi(NO3).5H2O was also insoluble in 
alcohol and readily decomposed in water. Bismuth neodecanoate (BiND) was eventually 
tested as a source for bismuth; it is a particularly viscous liquid with high molecular weight 
(722.75 g/mol). It is due to this high molecular weight, the required amount of BiND in the 
precursor solution is naturally high. Thus, as an initial point of investigation, an equimolar 
ratio of Bi/Ti was applied assuming the resultant bismuth titanate film would be of a 
pyrochlore structure (Bi2Ti2O7).  
  
Figure 8- 14. SEM images of a typical TiO2 film (a) and a bismuth titanate film (b) with (deposited for 40 layers 
with a precursor solution containing 0.2 M TTIP for TiO2 and 0.2 M TTIP + 0.2 M BiND for the bismuth titanate) 
 
Figure 8- 15. Polarisation curves (in the dark and under illumination of ca. 120 W/m2 white light) of the 
bismuth titanate film prepared from 0.2 M TTIP and 0.2 M BiND (a), and its photoactivity as compared to a TiO2 
reference film prepared from 0.2 M TTIP (b). 
SEM images of post-calcined TiO2 and bismuth titanate films are presented in Figures 8-14(a) 
and (b) for the same 40 layers of spray deposition and TTIP concentration of 0.2 M. It was 
revealed that, while there was no significant difference in terms of surface superstructure, 
(a) (b) 
(a) (b) 
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the addition of an equimolar amount of BiND in relation to TTIP led to generation of bright 
spots scattered across the film surface as depicted in Figure 8-14(b). Information from the 
supplier stated that BiND was expected to exothermically decompose at around 300 oC. 
Recalling the calcination of this film which were carried out at 500 oC, the bright spots were 
possibly bismuth particles which were detached from their broken-down organic ligands. 
Potential-dependence currents from PEC operations in the dark and under illumination for 
the synthesised bismuth titanate film is shown in Figure 8-15(a). Unlike in the case of typical 
TiO2 films in this study, the shape of the     plot of the bismuth titanate film under 
illumination was linear within the chosen potential window, particularly on the forward-bias 
mode. However, although the photoactivity of this film could be confirmed by the 
discrepancy between the dark current and photocurrent, its PEC performance was much 
lower as compared to the TiO2 film prepared for the same concentration of TTIP. It was 
inferred from Figure 8-5(b) that the bismuth titanate film reveals PEC output of almost one 
order of magnitude lower (ca. 4.8 μA at 0.8 V vs HgO|Hg) than that given by its TiO2 
counterpart (ca. 42 μA at 0.8 V vs HgO|Hg). 
   
Figure 8- 16. Top-view SEM images of blank FTO (a), a TiO2 film prepared from 0.02 M TTIP (b), and a bismuth 
titanate film prepared from 0.02 M TTIP and 0.02 M TPB (c). 
Considering the extremely low PEC performance of the bismuth titanate film prepared with 
BiND as a Bi source, another attempt was pursued using triphenyl bismuth (TPB). Due to 
limited solubility of TPB in ethanol, the concentrations of both Ti and Bi precursors were 
made 10 times lower while maintaining the Bi/Ti ratio. Surface-view SEM images of the 
prepared TiO2 and bismuth titanate films are provided in Figures 8-16(b) and (c), 
respectively, along with that of FTO as comparison (Figure 8-16(a)). The surface morphology 
(a) (b) (c) 
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of TiO2 film synthesised with 0.02 M TTIP showed a considerably different feature from that 
prepared with 0.2 M TTIP. The coalesced grain domains were developed with less 
continuous particle network and the overall superstructure mimicked that of FTO to a larger 
extent where enormous pores and voids from the original open structure of FTO remained. 
Introduction of 0.02 M TPB into the precursor solution resulted in a more compact 
superficial feature of the resultant film. The voids were filled and the coalesced grain 
domains were developed more continuously, approaching the typical surface topography of 
TiO2 films in this study. This observation strongly indicates that bismuth and titanium were 
well mixed, producing an integrated film network.   
 
Figure 8- 17. Polarisation curves (in the dark and under illumination of 120 W/m2 white light) of a TiO2 film 
prepared from 0.02 M TTIP (a) and a bismuth titanate film prepared from 0.02 M TTIP and 0.02 TPB (b) along 
with the comparison thereof in terms of photoactivity (c) and photocurrent spectra behaviour measured at 0 V 
vs HgO|Hg (d). 
Linear-sweep voltammograms in Figure 8-17(a) shows that the TiO2 film prepared with 0.02 
M TTIP shows slightly lower PEC activity (ca. 34 μA at 0.8 V vs HgO|Hg) as compared to that 
prepared with 0.2 M TTIP (ca. 42 μA at 0.8 V vs HgO|Hg). This is most likely caused by the 
(a) 
(b) 
(c) 
(d) 
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reduced concentration of excitons in the former case as a consequence of lower film 
thickness, despite the fact that it was expected to provide higher surface area due to 
existence of voids and pores. In addition, the less continuous particle network might also be 
a hurdle for effective carrier transport. Figure 8-17(b) depicts the PEC activity of the bismuth 
titanate film prepared with TPB as a Bi source. The shape of voltammetric plot is very similar 
to the previously addressed bismuth titanate film which was synthesised with BiND as a Bi 
source, i.e. exhibiting linear photocurrent-potential relationship. Figure 8-17(c) shows that 
the magnitude of photocurrent represented by the bismuth titanate film was also extremely 
low as compared to its TiO2 counterpart film with a similar proportion to what is perceived 
in Figure 8-15(b). Spectral photocurrent measurements were also performed to interrogate 
visible light activity of the bismuth titanate film, as presented in Figure 8-17(d). It was 
revealed that no visible light activity was to be observed in the case of the bismuth titanate 
film. The photocurrent-onset wavelength remained comparable to that of TiO2 (inset of 
Figure 8-17(d)) with much inferior PEC output in the whole UV region. It is thus concluded 
that the choice of Bi sources had very little to do with the resultant PEC output. However, 
further investigation will be based on the use of TPB because it was much easier to handle 
than BiND.  
8.3.2. Effects of Bi/Ti ratio 
To further explore the feasibility of bismuth titanates as candidate materials for PEC 
applications, bismuth titanate films with Bi/Ti ratio of 12 were fabricated. This arrangement 
was expected to produce bismuth titanates that are of a selenite structure. Again, due to an 
issue on the solubility of TPB, the concentration of TTIP needs to be further lowered in order 
to allow addition of an adequate amount of Bi within the range of its solubility in ethanol. 
Accordingly, precursor solutions containing 0.003 M TTIP and those with addition of TPB to 
give solutions with Bi/Ti molar ratios of 1 and 12 were prepared.  
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Figure 8- 18. Polarisation curves (in the dark and under illumination of ca. 120 W/m2 white light) of a TiO2 film 
prepared from 0.003 M TTIP (a) and a bismuth titanate film prepared from 0.003 M TTIP and 0.036 TPB (b). 
Expectedly, the PEC response of the TiO2 film which was synthesised from 0.003 M TTIP 
exhibit lower activity (Figure 8-18(a)) as compared to previously mentioned TiO2 films 
prepared with higher TTIP concentrations. The shape of the polarisation curve was also 
inclined towards linearity within a potential range of -0.6 V – 0.6 V vs HgO|Hg, while the 
dark current predominated outside this region. The addition of 0.036 M TPB to make a Bi/Ti 
ratio of 12 had an apparent negative effect on the photocurrent output as revealed in Figure 
8-18(b). In fact, the generated photoanodic current was in the same order of magnitude (i.e. 
sub-microampere) as the dark current. This observation shows that increasing Bi/Ti ratio did 
not solve the issue of low PEC output addressed earlier. 
 
Figure 8- 19. The effect of Bi/Ti ratios on the photo-voltammetric behaviour of the prepared films (a) and the 
photoactivity of bismuth titanate films prepared from 0.003 M TTIP and 0.036 TPB as a function of film 
thickness (b). 
(a) (b) 
(a) 
(b) 
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The effect of Bi/Ti ratio on the PEC response of bismuth titanate films are depicted more 
clearly in Figure 8-19 for Bi/Ti ratios of 0, 1, and 12 prepared with a constant TTIP 
concentration of 0.003 M. These results showed that bismuth titanate films were far more 
inferior to their TiO2 counterparts in terms of PEC activities. At 0.6 V vs HgO|Hg, 
photoanodic current substantially decreases from around 10 µA to 1.3 and 0.60 µA following 
the addition of TPB to make Bi/Ti ratios of 1 and 12, respectively. In the latter case, higher 
deposition layers were also applied during spray pyrolysis (up to 100). The effect of this 
variation on the voltammetric behaviour of the film under illumination is illustrated in Figure 
8-19(b). It was revealed that increasing film thickness in this regards did not significantly 
alter the resultant photoactivity of bismuth titanates. In fact, such photocurrent variation in 
this order of magnitude might well be regarded as meaningless. 
 
Figure 8- 20. UV-vis absorption spectra of the prepared films (a, b) and XRD patterns of a bismuth titanate film 
(for Bi/Ti = 12 with 100 deposition layers) (c) 
Figures 8-20(a) and (b) presents the light absorption behaviour of the prepared bismuth 
titanates as compared to TiO2. Tauc plots could not be generated because the individual film 
thickness has not been measured. But, one can observe that no appreciable absorption 
within the visible-light region is found for bismuth titanates, and the cut-off wavelength 
associated with them remained comparable to that which was perceived in the case of TiO2. 
XRD patterns of a bismuth titanate film is given in Figure 8-20(c). The presented XRD pattern 
belonged to the film with Bi/Ti ratio of 12 deposited for 100 layers while other bismuth 
titanate films did not show any corresponding fingerprint in the analysis. While most peaks 
were attributed to FTO (most likely due to low relative thickness of the bismuth titanate), a 
small peak at 2θ of around 30o was observed. As far as bismuth titanate crystallite structures 
are concerned, this peak could be associated to either pyrochlore Bi2Ti2O7 (4 4 4) (JCPDS 
(a) (b) 
(c) 
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card no. 32-0118) or perovskite Bi4Ti3O12 (1 1 7) (JCPDS card no. 35-0795) notwithstanding 
the fact that the Bi/Ti ratio was in the excess of 12. It appears that, in the case of spray 
pyrolysis synthetic route, the intended structure of bismuth titanate films cannot be 
achieved by simply introducing the corresponding stoichiometric ratio of Bi and Ti 
precursors. Similar observations have also been reported recently by Li et al. who 
synthesised Bi2Ti2O7/TiO2 composites via a hydrothermal method[318]. They found that it 
was necessary to prepare a precursor solution with Bi/Ti ratio of 30 to obtain 86.6% Bi2Ti2O7 
in the composites. 
Scientific reports on the utilisation of bismuth titanate films as photoanode materials for 
PEC water splitting are very scarce, so it is difficult to conduct a proper benchmark of this 
study to others. Nonetheless, it should be mentioned that the PEC properties represented 
by bismuth titanate films in this study are very similar to those observed by McInnes et al. in 
2014 who reported the first synthesis of pyrochlore films via an aerosol-assisted chemical 
vapour deposition technique for PEC water splitting[319]. In terms of the shape of 
polarisation curves, photocurrent-onset potential, and the order of magnitude of 
photocurrents, their results were comparable to those reported in this thesis; they found 
the photoanodic current density in the realm of ca. 3 µA/cm2 (under illumination of 100 
W/m2 with electrode surface area of 2 cm2). However, while they claimed that pyrochlore-
based films had a promising feature as alternative photoanode materials, they did not 
report any data pertaining to the activity of the corresponding TiO2 films as control 
(reference) samples, which could have been produced by the same precursor solution 
without any Bi source, nor did they provide spectral photocurrent responses. In contrast, 
results presented in this thesis showed that it would not be worthwhile to prepare bismuth 
titanate films while TiO2 films, which were produced from the same preparative conditions 
without Bi source, were much superior in terms of photoelectrochemical properties. 
8.4. Concluding remarks 
This chapter specifically tackles the endeavours that have been pursued during this PhD 
study to obtain visible-light-active titania films, which include doping with cations and 
anions, as well as producing bismuth titanates. As far as the doping of TiO2 with foreign 
cations (Cu, Fe, V) is concerned, Fe is the only dopant which exhibit appreciable band gap 
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narrowing. Yet, all cation dopants led to severe detrimental effects in terms of PEC 
properties which were suggested to be originated from the promotion of electron-hole 
recombination and the photon-blockage effect.  
In terms of anion doping, the emphasis was put on the attempts to produce nitrogen(N)-
doped TiO2 which was presumed to be active under visible light illumination. Two sources of 
N atoms at various concentrations film precursor solutions were tested, namely NH4NO3 and 
urea. Not only did the resultant band gap of the films seem to be irresponsive towards these 
treatments, the PEC output was also relatively unaffected in the use of NH4NO3 and even 
slightly disadvantaged when urea was added as the source of N dopant. These observations 
were speculated to be related to the fact that the spray pyrolysis deposition was conducted 
at elevated temperature. Mapping the operating temperature with thermal decomposition 
of NH4NO3 and urea led to suggestions that these compounds might be decomposed to 
gaseous products before doping took place. Therefore, the current film preparative set-up 
may need to be adjusted in the future to achieve successful doping with desirable results.  
Bismuth titanates were also synthesised with various Bi sources and concentrations. It 
appeared that the intended crystallite structure cannot be sought by simply adding Bi and Ti 
at the corresponding molar stoichiometric ratio. In this study, the use of Bi/Ti ratio of 12 
offered either pyrochlore (Bi2Ti2O7) or perovskite (Bi4Ti3O7) structures. Although the 
produced materials showed PEC activity, the photocurrents generated were much inferior 
(in the order of sub-microamperes) to those offered by TiO2 films that were prepared at the 
same preparative conditions (without any Bi precursor). These findings led to suggestions 
that, while the photocatalytic activity of bismuth titanates in the form of powders has 
established a decent reputation, the use of bismuth titanate films as photoanodes either 
remains controversial or still needs much development to compete with that of their TiO2 
counterparts.   
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Chapter 9. Conclusions and Future Work 
Suggestions 
9.1. Conclusions 
The scope of this thesis revolved around the development of titania-based films on the 
pursuit of achieving robust, efficient, easy-to-prepare, and cost-effective materials for 
photoelectrochemical (PEC) H2 production involving economic sacrificial agents. Taking 
advantages of its excellent stability and suitability of band positions for low-bias PEC 
operations, several drawbacks associated with the use of TiO2 films as photoanodes were 
tackled, including limited surface area (Chapters 5 and 6), carrier recombination (Chapters 6 
and 7), and inactivity towards visible light irradiation (Chapter 8).  
TiO2 films were successfully synthesised via a facile one-step spray pyrolysis deposition 
technique with adjustable properties by simply changing the composition of precursor 
solutions. Morphology of the spray pyrolysed films were dictated by that of the FTO 
substrate, resulting in a somewhat hemispherical structure interconnected across the 
surface (Figure 5-1). These films were of an anatase crystallite phase (Figure 5-4) with typical 
optical band gap of ca. 3.2 eV (Figure 5-3). Photocurrent-onset potentials of TiO2 reference 
films were located within an interval of -0.7 – -0.65 V vs HgO|Hg (0.23 – 0.28 V vs RHE) in 1 
M NaOH electrolyte solutions and cathodically shifted with pH according to the Nernst 
equation. The photocurrents generated by the reference TiO2 films were in the order of 10-5 
A (for geometric area of 0.3 cm2) under ca. 120 W/m2 white light illumination (Figures 5-5 
and 5-6).  
Results and discussions presented in Chapter 5 have shown that the morphology of TiO2 
films can be tailored by addition of PEG as a structural template. This strategy led to 
exceptional improvements in surface roughness (     values increased from 0.78 nm up to 
3.31 nm) and effective surface area (    values increased from 22.4% up to 190.9%) (Figures 
5-7, 5-19, 29 and Tables 5-1, 5-4, 5-5). The origin of the surface roughening is proposed to be 
from the role of PEG in controlling the polycondensation of TiO2 precursor and separating 
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seed growth (Figure 5-21). Rough-surface TiO2 offers remarkable PEC responses with 
photoconversion efficiency of up to 1.23% (compared to 0.44% efficiency of the control 
film), which was attributed not only to extensive reaction sites but also to better charge 
transfer properties. The concentration of PEG in the precursor solution is more important 
than its molecular weight (for the investigated range of 200 – 1000 g/mol) in adjusting the 
surface morphology and, in turn, PEC responses. Based on PEC efficiency and charge-
transfer resistance, critical concentrations (25 – 50 mM) of PEG were found in the range 
where surface roughness is uniformly enhanced and film thickness is not severely 
compromised (Figure 5-39). Importantly, the photoconversion efficiency of all films gave 
comparable results when the effective surface area is taken into account (Figure 5-40). 
These findings highlight the importance of quoting effective area of individual samples (at 
least in a relative sense) in order to remove ambiguity of result interpretations, especially 
when morphology modifications are to be coupled with others. The best TiO2 film in this 
study offered comparable photoconversion efficiency as compared to other notable reports 
in the subject area (Table 5-6). 
The application of PEG-modified rough-surface TiO2 films was extended in Chapter 6 where 
PEC systems containing anodic sacrificial agents were discussed. A benchmark with a 
smooth-surface film was conducted in a controlled manner (maintaining the same thickness, 
optical properties, and crystallinity) and showed that glycerol was better exploited as a 
recombination inhibitor and as an electron donor when the photoanode surface was 
corrugated (Figures 6-11 and 6-13). A series of alcohols were compared in terms of their 
effectiveness in suppressing recombination and inducing double-current effects, which 
result in additional photocurrents ranging from 3% to nearly 50% against the control system 
(without any scavenger) (Figure 6-14). The results supported the hypotheses which highlight 
the critical roles of polarity, density of OH groups, and steric hindrance of the organic 
substrates in scavenger-assisted PEC hydrogen production (Figures 6-16 and 6-17). However, 
the highest photocurrent output was obtained in the use of formaldehyde (62% additional 
photocurrent with saturated photocurrent exceeding 100 µA for illumination of 0.3 cm2 
geometric area under white 120 W/m2 light illumination), much larger than those offered by 
methanol and formic acid which can only improve the photocurrent by 27% and 16%, 
respectively (Figure 6-18). This observation suggests that carbonyl groups are preferred for 
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organic substrates functioning as sacrificial agents. Some reasons behind this observation 
were addressed, yet further detailed information might be needed in order to get clearer 
insight. 
Retardation of charge carrier recombination was also approached by incorporating highly 
conductive graphene onto the TiO2 film network. Results showed that the presence of 
graphene, even in a low amount, could enhance the photoconversion efficiency (Figure 7-4) 
by 70% (from 0.35% to 0.61%), which was attributable to effective carrier transfer as 
indicated by reduction of charge-transfer resistance from 15.1 kΩ to 12.8 kΩ (Figure 7-8). 
The improved charge transport properties was believed to be driven by the  -  conjugation 
network of graphene structure. Superiority of graphene-modified TiO2 film was also 
reflected in PEC systems involving glycerol as a sacrificial agent. The maximum additional 
photocurrent associated with introduction of glycerol (according to a model resembling 
Langmuir-Hinshelwood isotherm) was measured to be 22.4 µA (under ca. 120 W/m2 white 
light illumination) for the case of graphene-modified film, significantly larger than that 
offered by the control TiO2 photoanode (9 µA) (Figure 7-10). Indeed, the results presented in 
Chapter 7 could be regarded as preliminary since a wide scope for improvements remains 
open in this topic.  
Realising visible-light active titania-based photoanodes remains a challenge in this study, as 
discussed in Chapter 8. Applying cation doping to TiO2 films generally led to significant losses 
of PEC output as compared to undoped films (Figures 8-3, 8-6, 8-8), although in some cases 
the band gap was evidently narrowed (Figures 8-1, 8-5, 8-7). This detrimental effect was 
most likely due to UV blockage and enhancement of carrier recombination that is promoted 
by defect chemistry as a result of energy level impurities. Attempts to doping with N (using 
urea and NH4NO3 as N sources) shows very little effects on the optical band gap as well as 
PEC responses of titania films (Figures 8-10, 8-13), which is believed to be due to non-
effective incorporation of N and/or complete decomposition of the dopant precursors 
during high-temperature spray deposition. A more sophisticated method for doping (such as 
ion implantation) may be required to achieve desirable results. Likewise, synthesis of 
bismuth titanates was also revealed to be incapable of offering visible-light-driven PEC 
operations. In fact, for various compositions of Bi:Ti according to the intended crystallite 
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phase, the produced photocurrents were in the order of 10-7 – 10-6 A (Figures 8-15, 8-17, 8-
18, 8-19), significantly lower than those of the typical TiO2 films (in the order of 10-5 A).  
9.2. Future work suggestions 
Certainly, a wide scope for improvements remain open for the study reported in this thesis. 
In terms of achieving visible-light-active titania, dye sensitisation, an approach that is 
popular in solar cell systems, could be adopted. Effectiveness of such a technique relies 
heavily upon the availability of adsorption sites for the dye. Since the present study has 
established an efficient way of improving the real surface area of photoanodes, it is 
expected that the rough-surface films would be highly compatible with a dye-sensitisation 
technique; a comparative study with smooth-surface films is therefore intriguing in this 
respect. Furthermore, morphology engineering might also be sought through other means, 
such as physical templating utilising AAO (anodic aluminium oxide) to obtain one- or three-
dimensional structures. Effects of PEG on film morphology for different substrates other 
than FTO might also be worth investigating, considering the fact that substrates play a 
critical role in directing the film superstructure, as presented in Section 5.1. 
In terms of sacrificial agents, results presented in Figure 6-18 (Section 6.3.2) and the related 
discussions can be used as a hypothesis to investigate the reactivity of sugar alcohols with 
longer C-OH chains than that of glycerol (such as tetritol, xylitol, arabitol, etc). Cross-
coupling between alcohol sacrificial agents would also be useful to test stipulations 
suggested in Figures 6-16 and 6-17. Accordingly, the nature of hole consumption whether it 
is of competitive nature and prefers one over another, based on the parameters believed to 
be crucial to PEC output (polarity, OH surface density, and steric hindrance). Furthermore, 
the use of sacrificial agents could also be expanded to a wider range of compounds which 
are regarded as wastes and pollutants, such as detergents, chloroform (disinfection by-
product), chlorinated solvents, and so forth. With this arrangement, an integrated system of 
H2 production and pollutant removal might be materialised in the future. It should be noted 
that, at some point during this study, humic acid was tested as a PEC additive and results 
(Figure A-13 in Appendix A.5) showed negative outcome, most likely because the dark-toned 
solution blocked a large portion of photons impinging on the photoanode. Likewise, urea is 
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relatively inert towards photoanodic reactions (Figure A-13 in Appendix A.5) so it is not 
suitable as a sacrificial agent.  
Chapter 7 of this thesis presents just enough information on the effects of graphene on the 
photo-carrier transport and thus the PEC output. Yet, no information was acquired in terms 
of the effects of its loading content due to difficulties in maintaining uniform dispersion for 
high content of graphene in the precursor solution as mentioned in Section 7.2. Since 
commercially available graphene solution contains only 1 mg/L, the graphene content in 
TIO2 films could have been adjusted by varying the concentration of TTIP (titanium 
precursor) instead. However, in order to obtain high graphene content, the concentration of 
TTIP needs to be low, and one needs to heed some concerns regarding this. Considering 
limited deposition sites available on the substrate, lower concentration of TTIP increases the 
possibility of non-uniform and non-continuous film network, which might in turn 
compromise the reproducibility of results. Therefore, it is advisable to apply many 
deposition layers in order to obtain sufficient thickness and suppress uncertainties related to 
sensitivity of the resultant films towards TTIP concentration. Needless to say, this entails 
longer time required to produce films. 
In addition, it is mentioned in Chapter 4 that, although the experimental set-up and 
operating conditions have been designed so that hydrogen generation is the sole 
mechanism for electron flow, the presence of O2 and H2 as products of water splitting has 
not been experimentally verified. While it is indeed prevalent in the field of PEC water 
splitting to claim gas production based solely on generated photocurrents without reporting 
gas detection, a Clark electrode could also be installed in the PEC system. Ideally, this set-up 
would allow an in situ and real-time measurement of O2 produced to be matched with the 
generated photocurrent. Having acknowledged its advantages, this idea may require a total 
re-design of the current experimental configuration. 
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Appendices 
A.1. Deposition of TiO2 films on TEC 15 FTO 
 
  3.9   
Figure A-1. Top-view SEM images of post-calcined TiO2 films deposited on TEC 15 FTO for 10 
(a), 20 (b), 30 (c), and 40 layers (d). The scale bar represents 500 nm. 
 
Figure A-2. Spectral absorbance of post-calcined TiO2 films deposited on TEC 15 FTO for 
different layers 
(a) (b) (c) (d) 
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Figure A-3. XRD patterns of post-calcined TiO2 films deposited on TEC 15 FTO for different 
layers, showing a characteristic peak at 25.3o assigned for (1 0 1) anatase crystallite plane 
 
Figure A-4. Voltammetric behaviour of post-calcined TiO2 films deposited on TEC 15 FTO for 
different layers, under illumination of 120 W/m2 white light from Xe lamp 
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A.2. Effect of annealing temperature 
Figure A-5. Top-view SEM images of TiO2 films after calcination at 400 oC (a), 500 oC, and 600 
oC (deposited on TEC 8 FTO for 40 layers). The scale bar represents 1 µm. 
 
Figure A-6. Spectral absorbance of TiO2 films after calcination at various temperature 
(deposited on TEC 8 FTO for 60 layers) 
(a) (b) (c) 
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Figure A-7. XRD patterns of TiO2 films after calcination at various temperature (deposited on 
TEC 8 FTO for 60 layers) 
 
Figure A-8. Voltammetric behaviour of TiO2 films under illumination of 70 W/m2 white light 
from Xe lamp (films were deposited on TEC 8 FTO and calcined at various temperature) 
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A.3. Attempts to self-doping TiO2 with Ti3+ 
 
Figure A-9. Voltammetric behaviour of TiO2 films under illumination of 120 W/m2 white light 
from Xe lamp (black: prepared from TTIP and calcined under N2 atmosphere, red: prepared 
from TTIP and calcined under N2/H2 atmosphere, blue: prepared from TiCl3 and calcined 
under N2 atmosphere) 
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A.4. The use of water-based precursor solutions and an attempt on N doping with high 
concentration of urea 
 
Figure A-10. An image of TiO2 film (a) prepared from the use of a water-based TiCl3 
precursor solution (deposited for 10 layers) and its top-view SEM images at various 
magnifications (b, c, d)  
(a) (b) 
(c) (d) 
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Figure A-11. Spectral absorbance of post-calcined TiO2 films prepared from water-based 
TiCl3 solution (deposited on TEC 8 FTO for 10 layers) with and without high concentration (5 
M) of urea for N doping  
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Figure A-12. Voltammetric behaviour of post-calcined TiO2 films (under illumination of 120 
W/m2 white light) prepared from water-based TiCl3 solution (deposited on TEC 8 FTO for 10 
layers) with and without high concentration (5 M) of urea for N doping 
Although a significant improvement of photocurrent was perceived upon addition of 5 M 
urea, it could not be attributed to the harvesting of visible-light portion of the light spectrum 
as it is clear from Figure A-11 that the cut-off wavelength of the absorbance is in UV region. 
Rather, it is most likely related to the issue of transparency of the produced film. Without 
addition of 5 M urea, TiO2 film showed mirror-like impeccably non-transparent film (Figure 
A-10(a)) while that which was prepared with the addition of 5 M urea exhibit a clear, 
transparent film (even more so than the typical film). The optical feature of the former 
might lead to significant reflection of photons hence low PEC responses. In any case, though 
addition of urea in this regard increases the photocurrent, the response is still lower than 
the typical films produced and investigated in throughout this study. 
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A.5. Attempts to utilising urea and humic acid as sacrificial agents 
 
Figure A-13. Potential-dependence of photocurrents (under illumination of 120 W/m2) 
generated from the use of electrolyte solutions (1 M NaOH) containing humic acid at two 
different concentrations. The photoanode was a typical TiO2 film (the film which is referred 
to as “unmodified TiO2” in Chapter 5). 
 
Figure A-14. Potential-dependence of photocurrents (under illumination of 110 W/m2) 
generated from the use of electrolyte solutions (1 M NaOH) containing urea at various 
concentrations. The photoanode was the same as that of Figure A-12. 
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A.6. Effect of PEG addition on the viscosity of precursor solutions 
Solution samples Viscosity (cP) 
No PEG 1.4013 ± 0.1155 
50 mM PEG-200 1.4808 ± 0.0765 
200 mM PEG-200 1.5401 ± 0.1150 
50 mM PEG-1000 1.9153 ± 0.0791 
 
  
265 
 
A.7. 3D SEM images processed with Gwyddion 
 
Figure A-15. 3D SEM images of unmodified TiO2 (a), 10PEG200-TiO2 (b), 10PEG300-TiO2 (c), 
10PEG400-TiO2 (d), 10PEG600-TiO2 (e), and 10PEG1000-TiO2 (f) 
(a) (b) 
(c) (d) 
(e) (f) 
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Figure A-16. 3D SEM images of unmodified TiO2 (a), 10PEG200-TiO2 (b), 15PEG300-TiO2 (c), 
20PEG400-TiO2 (d), 30PEG600-TiO2 (e), and 50PEG1000-TiO2 (f) 
(a) (b) 
(c) (d) 
(e) (f) 
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Figure A-17. 3D SEM images of unmodified TiO2 (a), 5PEG200-TiO2 (b), 10PEG200-TiO2 (c), 
20PEG200-TiO2 (d), 30PEG200-TiO2 (e), and 40PEG200-TiO2 (f) 
 
  
(a) (b) 
(c) (d) 
(e) (f) 
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A.8. AFM images 
 
  
  
Figure A-18. AFM micrographs of the unmodified TiO₂ film 
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Figure A-19. AFM micrographs of the 10PEG200-TiO₂ film 
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Figure A-20. AFM micrographs of the 40PEG200-TiO₂ film 
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A.9. Published papers 
 
Figure A-21. A published paper in International Journal of Hydrogen Energy 
(http://www.sciencedirect.com/science/article/pii/S0360319914024835) 
 
 
 
Figure A-22. A published paper in ACS Applied Materials & Interfaces 
(http://pubs.acs.org/doi/abs/10.1021/acsami.5b00853) 
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A.10. Copyright clearance 
Rights of authors to reuse published material from International Journal of Hydrogen Energy 
(Elsevier)  
The right of authors to reuse published works for Personal Use (which includes reuse in a 
thesis and dissertation) was stated in the Journal Publishing Agreement. However, this was 
done directly via a webpage hence I do not have the record of this document. However, the 
statements from Elsevier webpage below should confirm this right: 
 
Figure A-23. Granted permission for authors of Elsevier journals to reuse published works 
for Personal Use 
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Figure A-24. Elsevier’s definition of Personal Use, which includes reuse in a 
thesis/dissertation for non-commercial purpose 
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Rights of authors to reuse published material from ACS Applied Materials & Interfaces 
The right of authors to reuse published works in a thesis was stated in the Journal Publishing 
Agreement, as follows: 
 
Figure A-25. Journal Publishing Agreement (page 1 of 3) of American Chemical Society 
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Granted permissions to reproduce extracts from third party’s published works (summary) 
Name of 
extracts 
Source of work Copyright holder and contact 
Permission 
note 
Figure 2-28 Panagiotopoulou, et al., Catalysis Today, 2013. 209: p. 
91-98 
(DOI: 10.1016/j.cattod.2012.09.029) 
© Elsevier 
permissionshelpdesk@elsevier.com 
Rightslink and email 
confirmation 
Figure 3-1 Hartmann et al., ACS Nano, 2010. 4: p. 3147-3154 
(DOI: 10.1021/nn1004765) 
© American Chemical Society 
copyright@acs.org 
Rightslink and email 
confirmation 
Figure 3-2 Jo et al., Materials Letters, 2014. 131: p. 244-247 
(DOI: 10.1016/j.matlet.2014.05.191) 
© Elsevier 
permissionshelpdesk@elsevier.com 
Rightslink and email 
confirmation 
Figure 3-3  Zhou et al., Journal of Colloid and Interface Science, 
2012. 374: p. 9-17 
(DOI: 10.1016/j.jcis.2011.12.006) 
© Elsevier 
permissionshelpdesk@elsevier.com 
Rightslink and email 
confirmation 
Figure 3-4 Zhou et al., Journal of Colloid and Interface Science, 
2005. 198: p. 24-29 
(DOI: 10.1016/j.surfcoat.2004.10.055) 
© Elsevier 
permissionshelpdesk@elsevier.com 
Rightslink and email 
confirmation 
Figure 3-5 Fei et al., ACS Applied Materials & Interfaces, 2010. 2: 
p. 974-979 
(DOI: 10.1021/am100087b) 
© American Chemical Society 
copyright@acs.org 
Rightslink and email 
confirmation 
Figure 3-6 Latthe et al., Journal of Materials Chemistry A, 2013. 1: 
p. 13567-13575 
(DOI: 10.1039/c3ta13481d) 
© Royal Society of Chemistry 
contracts-copyright@rsc.org 
Rightslink and 
written permission 
Figure 3-7 Paulose et al., The Journal of Physical Chemistry B, 
2006. 110: p. 16179-16184 
(DOI: 10.1021/jp064020k) 
© American Chemical Society 
copyright@acs.org 
Rightslink and email 
confirmation 
Figure 3-8 Liu et al., Chemical Science, 2011. 2: p. 80-87 
(DOI: 10.1039/c0sc00321b) 
© Royal Society of Chemistry 
contracts-copyright@rsc.org 
Rightslink and 
written permission 
Figure 3-9 Cho et al., Nano Letters, 2011. 11: p. 4978-4984 
(DOI: 10.1021/nl2029392) 
© American Chemical Society 
copyright@acs.org 
Rightslink and email 
confirmation 
Figure 3-10 Zhou et al., New Journal of Chemistry, 2011. 35: p. 353-
359 
(DOI: 10.1039/c0nj00623h) 
© Royal Society of Chemistry 
contracts-copyright@rsc.org 
Rightslink and 
written permission 
Figure 3-11 Xiang et al., Nanoscale, 2011. 3: p. 3670-3678 
(DOI: 10.1039/c1nr10610d) 
© Royal Society of Chemistry 
contracts-copyright@rsc.org 
Rightslink and 
written permission 
Figure 3-14 Chen et al., Science, 2011. 331: p. 746-750 
(DOI: 10.1126/science.1200448) 
© American Association for the 
Advancement of Science 
permissions@aaas.org 
Rightslink and email 
confirmation 
Figure 3-15 Murugesan et al., The Journal of Physical Chemistry 
Letters, 2010. 1: p. 1631-1636 
(DOI: 10.1021/jz100404v) 
© American Chemical Society 
copyright@acs.org 
Rightslink and email 
confirmation 
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Email confirmation granting permissions to reproduce third parties’ published works from 
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Dear Muhannad, 
 
It’s fine if your thesis is made public online under a CC-BY-NC-ND license, as long as you acknowledge 
the original Elsevier publication. 
 
The acknowledgement should be in the following format: “With permission from author(s), article, 
journal, volume, page range, Elsevier, copyright year”. 
 
If you need any additional assistance, please let me know. 
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From: Ibadurrohman, Ibad [mailto:ibad.ibadurrohman12@imperial.ac.uk]  
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